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Résumé

Cette étude porte sur les études expérimentales et théoriques du mécanisme
d'électrodéposition de différents revétements a base de cobalt: le cobalt métallique, les
alliages binaires Co-Ni, Co-Cu et I'alliage ternaire Co-Ni-Cu. L'étude de la relation procédé-

structure-propriétés est réalisée par une approche multi-échelle.

Ce travalil s’articule autour de 5 chapitres. Le premier chapitre résume les différents
sujets abordés dans ce travail, en particulier les bases de I'électrodéposition, une revue
bibliographique des films base cobalt électrodéposés notamment en présence d’'un champ
magnétique. Les deuxieme et troisieme chapitres présentent les différents résultats
expérimentaux concernant respectivement I'électrodéposition et les propriétés magnétiques
des films obtenus. Enfin, le dernier chapitre concerne une approche théorique basée sur des
calculs DFT (Théorie de la Fonctionnelle de la Densité) en vue d’apporter des nouveaux
éléments pour la compréhension des phénomenes mis en jeu a I'électrode lors de I'application

d’'un champ magnétique.

Une étude préliminaire a permis la détermination et l'optimisation des parametres
d'électrodéposition afin d'obtenir des films nanocristallins. La qualité et les propriétés de ces
films dépendent fortement des parameétres expérimentaux tels que le pH de I'électrolyte, la

nature du substrat ou encore le temps de dépot.

Dans cette étude, deux valeurs de pH sont considérées respectivement égales a 2,7 et 4,7. La
nature des phases cristallographiques formées, la composition de phase et la morphologie des
films Co et alliages Co-Ni sont fortement influencées par le pH de I'électrolyte. Pour les deux
valeurs de pH, les films électrodéposées sont constitués d’'un mélange des deux phases
cristallographiques du cobalt: la structure hexagonale (hcp : hexagonal close packed) et la
structure cubique centrée (fcc : face centered cubic). En fonction du pH, les intensités des pics
de diffraction varient. Les différences observées au niveau de la composition de phase et de la
morphologie des films sont expliguées notamment par la réaction de dégagement d'hydrogene
et I'évolution des espéces intermédiaires adsorbées, tels que les hydroxydes de cobalt et de

nickel a la surface de la cathode.

L’élaboration des films de Co et Co-Ni a été realisée sur différents substrats tels que le titane

ou des substrats de verre recouverts par un dép6t d'oxyde d'indium dopé a I'étain (ITO). Pour




ce dernier, une couche de nickel est électrodéposée avant le dépdbt des films base cobalt afin
de garantir leur bonne adhérence. Les études microstructurales montrent que le type de
substrat affecte la composition de phase des dépdts du métal pur Co et alliages Co-Ni. Les
films de Co et films Co-Ni sur Ti sont caractérisés par un meélange biphasique : structure

hexagonale (hcp) et cubique faces centrées (fcc). Les films de Co déposés sur substrat Ni /
ITO ne possedent que la structure hcp, tandis que dans le cas des films de Co-Ni, la phase
prédominante est la structure cubique. Les différences de composition de phase sont

confirmées par I'étude morphologique menée par microscopie électronique a balayage qui

permet de visualiser la présence de cristallites dont la forme caractéristique est associée a la
structure hexagonale dans certains dépéts. De facon générale, dans le cas de l'utilisation des
substrats de verre, la qualité de la surface des films est améliorée. En effet, les films sont en

apparence plus homogéenes et moins rugueux.

Enfin, différents temps d’électrodéposition sont testés afin d’évaluer leur effet sur la
morphologie des dépobts. La diminution du temps de dépdt entraine une réduction de la taille
des cristallites et est donc favorable a la réalisation de films nanocristallins.

Les propriétés d’'un dépbt peuvent étre fortement affectées par I'application d'un
champ magnétique externe sur la cellule d’électrolyse. Dans ce travail, un champ magnétique
est superposé parallelement a la surface de I'électrode de travail avec des amplitudes de
champ pouvant aller jusqu’a 12T. Dans ces conditions, la convection induite par la force de
Lorentz dans I'électrolyte, que I'on appelle effet MHD (Magneto Hydro Dynamique), peut
modifier différents parametres expérimentaux de I'électrolyse a la surface de I'électrode (pH,
espéeces adsorbées...) et donc influer sur la structure et la morphologie des films obtenus.
D’une facon générale, les effets du champ magnétique sur la composition de phase ne sont
pas significatifs sauf dans le cas des dépbts d'alliage Co-Ni sur des substrats de titane. En
effet dans ce dernier cas, la composition de phase des alliages CoNi déposés sur titane évolue
differemment en fonction du champ magnétique, Bppliqué durant [I'électrolyse
comparativement aux dépbts réalisés sur substrat de verre recouvert d'ITO ou le substrat
impose une autre structure cristallographique. L'orientation cristallographique (220) de la
phase CoNi est favorisée pagi.EClassiguement, de nombreux parametres expérimentaux liés
au procédé d’électrolyse influent sur la structure cristallographique et la morphologie des

dépbts du matériau obtenu: composition du bain, température du bain, le courant d’électrolyse




ou encore le pH. Dans ce cas précis, I'application d'un champ magnétique parallele a
I'électrode va jouer le méme rble qu’'une diminution de pH dans le bain sur la structure
cristallographique. L’application d’'un champ magnétique parallele a I'électrode pour laquelle

la force de Lorentz est maximale, conduit a une forte agitation MHD de I'électrolyte qui peut
étre responsable des effets observés. Toutefois, méme si les effets du champ magnétique sur
la composition de phase ne sont pas significatifs sur les autres systemes Co sur Ti, Co et Co-
Ni sur Ni/ITO, l'intensité relative des pics de diffraction de rayons X est Iégérement affectée
par le champ magnétique.

L’effet du champ magnétique appliqué durant I'électrolyse affecte d’autres propriétés
des dépbts. D'une part, la taille des cristallites et la rugosité de surface des dépodts sont
affectés, conduisant ainsi a I'obtention de surfaces plus homogénes. Cet effet classique est
souvent attribué dans la littérature a l'effet d'agitation de I'électrolyte lieé a I'effet convectif
MHD. Dans ce cas, I'épaisseur de la couche de diffusion est réduite, ce qui améliore le
transport de masse vers la surface de I'électrode et donc dans le méme temps permet la
désorption de bulles de gaz a la surface de I'électrode de travail. La conséquence est alors
I'obtention de films base-Co avec des états de surface plus homogenes.

D’autre part, lors de I'élaboration des alliages Co-Ni et Co-Cu, le processus de co-
déposition anomale caractérisé par un plus grand rapport atomique Co/Ni dans les films que
d’'ions Cd* /Ni** dans la solution électrolytique est observé. Ce processus est également
légerement affecté par le champ magnétique. En particulier, dans le cas des alliages Co-Cu, la
guantité de cuivre dans les dépodts augmente considérablement avec I'amplitude du champ
magnétique. Une approche par une étude électrochimique (cinétigue et dynamique) est
réalisée sur les systémes Co, Co-Ni et Co-Cu afin de mieux comprendre les actions du champ
magneétique. Dans le cas de I'étude cinétique, les investigations sont basées sur des mesures
chronoampéromeétriques, ou le régime transitoire courant-temps du systéeme Co est étudié et le
mode de nucléation est évalué. Les résultats montrent que le processus de nucléation est
relativement proche du mécanisme instantané, mais avec un écart non négligeable par rapport
au modele théorique ce qui peut s’expliquer par la réduction de I'hydrogene. Les différences
observées en présence d'un champ magnétique dans le cas du systeme Co et Co-Ni sont dues
a la variation des conditions hydrodynamiques dans I'électrolyte induites par celui-ci. Dans le
cas de I'étude par spectroscopie d’'impédance électrochimique sur le systeme Co-Cu, il est
montré qu'un champ magnétique homogene ne modifie pratiquement pas les parameétres de

transfert de charge du processus. Les faibles effets observés en présence du champ




magnétique ne sont dus qu'a la variation de la surface de I'électrode au cours de

I'électrodéposition métallique et a l'effet de la convection MHD.

Les phénoménes observés lors de I'application d’'un champ parallele a I'électrode sur une
cellule d’électrolyse tels que la variation de la forme des grains, les changements de rugosité
ou encore les modifications de phase cristallographique résultent principalement de l'effet
magnétohydrodynamique (MHD) induit par la force de Lorentz et éventuellement d’'un autre
champ de force : la force magnétique, qui ne dépend pas de la densité de courant et n’agit sur
les particules qu’a travers leurs susceptibilités magnétiques. L'effet MHD augmente le
transfert de masse des ions dans la solution et agit sur les especes adsorbées a la surface. Ces
especes adsorbées peuvent empécher la diffusion en surface des atomes et conduire a des
surfaces plus lisses. Les morphologies des couches sont alors gouvernées par la compétition
entre phénomenes de diffusion en surface déterminée par les parameétres électrochimiques
expérimentaux tels que la densité de courant et les vitesses de croissance des espéeces
adsorbées. La croissance de differents plans cristallographiques en fonction du champ
magnétique B peut étre notamment une conséquence de l'adsorption compétitive entre
I'hydrogene et les espéces intermédiaires. Les hypothéses émises dans cette étude concernant
principalement I'effet MHD et ses conséquences sur I'évolution du pH et la nature des
espéeces adsorbées a la surface de I'électrode sont confrontées dans le dernier chapitre aux
calculs de I'énergie d'adsorption de I'atome d'hydrogéne et de Tieor Hifférentes faces

cristallographique du cobalt obtenue par la modélisation DFT.

Le troisiéme chapitre est consacrée a I'étude de la réponse magnétique des différents
systemes élaborés Co/Ni/ITO, Co-Ni/ITO, Co-Cu/Cu/ITO et Co-Ni-Cu/Cu/ITO. Les mesures
sont réalisées par les techniques de magnétométrie a échantillon vibrant (VSM) et
microscopie a force magnétique (MFM). Avant d’étre testés, les échantillons sont traités
thermiquement. Dans le cadre du projet ANR COMAGNET, ces traitements thermiques sont
aussi menés en présence d’'un champ magnétique. De facon générale, le traitement permet
I'obtention de dépots mieux cristallisés et une modification de la morphologie des dépbts avec
ou sans champ magnétique. Dans le cas de bicouches Co/Ni/ITO, il est montré que
lapplication d’'un champ magnétique pendant le recuit permet une augmentation des
coefficients d'interdiffusion. Cette zone d’interdiffusion a linterface Co/Ni va affecter la

réponse magnétique du systeme. En effet, les mesures par microscopie a force magnétique




montrent I'apparition d’'une légere anisotropie perpendiculaire lorsque le traitement thermique

est réalisé sous un champ magnétique.

Dans le cadre de I'étude du systeme CoNi/ITO, les caractérisations par microscopie a force
atomique AFM mettent en évidence une augmentation de la taille des grains et de la rugosité
jusqu'a une amplitude de 9T puis une diminution jusqu’a 12T. Le champ magnétique induit
dans un méme temps une augmentation du taux de Co dans les alliages. L'influence du
couplage des procédés d'électrolyse et de traitement thermique sous champ magnétique
intense est ensuite montrée. D'un point de vue cristallographique, ces alliages CoNi de
structure cubique présentent une légere orientation préférentielle (111) lorsqu’'un champ
magneétique est appliqué durant I'électrodépositiay).(Bette orientation reste stable quelque

soit 'amplitude du champ magnétique appliqug Bes recuits sont ensuite réalisés a une
température de 473 K sous flux d’argon et champ magnétigu@B< Byr< 12 T). Lorsque

les alliages sont recuits, l'orientation préférentielle est favorisée quelque soit le champ
magnétique appliqué B durant le traitement thermique. Aprés traitement thermique, le
matériau garde en quelque sorte « la mémoire du champ appligdér@ht I'éléctrolyse ».

En effet, lorsque I'amplitude du champ magnétique appliqué durant I'éléctrodéposition croit,
'orientation préférentielle (111) de l'alliage CoNi augmente proportionnellement dans les
alliages recuits. L’application d’'un champ magnétique durant I'électrolyse favorise une
augmentation de la coercivité alors que le champ magnétigwe &ppliqué durant le

traitement thermique induit une diminution de celle-ci.

L'application d’'un champ magnétique durant I'électrodéposition affecte les propriétés
magnétiques des systemes Co-Cu/Cu/ITO et Co-Ni-Cu/Cu/ITO. D’une part, les mesures
magneétiques révelent que les propriétés magnétiques des films dépendent fortement de la
composition chimique du film, en effet, la quantité de cuivre augmente dans les films en
fonction de I'amplitude du champ magnétiqug d&ppliqué. D’autre part, les changements
morphologiques et structuraux observés, notamment 'augmentation du ratio surface / volume

du dépbt permet de modifier I'anisotropie de forme.

La derniére partie de ce manuscrit concerne I'approche théorique. Des calculs DFT (Théorie
de la Fonctionnelle de la Densité) avec trois fonctionnelles différentes ont été effectués pour
examiner I'énergie d'adsorption de l'atome d'hydrogéne et de licsuHdes surfaces de

cobalt représentées par différents indices : systéme cubique — (100), (110), (111), (220) et




systeme hexagonal — (100), (110), (101), (011). Les sites d'adsorption préférentiels ont aussi
été déterminés. Pour toutes les surfaces de cobalt, les résultats DFT montrent que I'hydrogene
se lie préférentiellement aux sites correspondant a la plus grande coordination, qui est ici un
site ponté. Cependant, dans le cas du cobalt cubique, I'adsorption sur un site triplement
coordiné est eégalement observée. Suivant l'orientation de la surface, le site d'adsorption et la
fonctionnelle utilisée, les énergies d'adsorption de l'atome ou de lion varient |égerement.
Parmi toutes les surfaces de cobalt examinées (fcc et hep), les énergies d'adsorption obtenues
montrent des tendances pour les plans plus ou moins favorables a I'adsorption, en fonction de
la fonctionnelle choisie. L'étude DFT de l'adsorption de I'hnydrogene est donc une aide pour
comprendre la formation des phases dans le film de cobalt en cours de croissance a un faible
pH (2,7), pour lequel un film biphasique est obtenu. Le calcul de I'énergie d’adsorption
montre que l'adsorption de I'hnydrogéne est la plus favorable sur la surface (220) du cobalt
cubique, ce qui peut ensuite conduire a la formation d'hydrure de cobalt. On peut donc estimer
gue la fraction volumique de la phase fcc dans les dépbts de cobalt est plus grande que celle
de la phase hcp. D'autre part, la croissance dans la direction fcc-(220) est supprimée et la
croissance selon d'autres plans du cobalt est observée, comme par exemple hcp-(110). Pour un
pH plus grand (4,7), la formation des phases dépend plutét de la formation et de I'adsorption
d'hydroxydes sur les surfaces de cobalt, et non plus d'un hydrogéne seul. Pour confirmer cette
observation, des calculs quantigues complémentaires sont nécessaires pour examiner

l'adsorption des hydroxydes.

Cet ouvrage présente un intérét particulier sur différents aspects cités ci-apres :1- un
apport en magnétoélectrochimie en ce qui concerne les systémes base cobalt ; 2- il est montré
gu’un couplage des procédés d’électrolyse et de traitement thermique sous champ magnétique
intense permettent d’influer sur les propriétés des matériaux magnétiques ; 3- 'apport d’'une
nouvelle approche pour la compréhension de résultats expérimentaux concernant
I'électrodéposition sous champ magnétique par l'introduction d’'une étude théorique. Cette
étude ouvre la discussion sur I'apport de la modélisation moléculaire dans la compréhension

des phénomenes se déroulant a I'électrode en présence de 'effet MHD.

Vi
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Abstrakt

Praca oparta jest na eksperymentalnym i teoretycznym badaniu mechanizmu katodowego
osadzania powilok na osnowie kobaltu. Badano kolejno powtoki: kobaltowe (Co), kobaltowo-
niklowe (Co-Ni), kobaltowo-miedziane (Co-Cu) i kobaltowo-niklowo-miedziane (Co-Ni-Cu).
Czes¢ eksperymentalna pracy obejmuje katodowe osadzanie powtok, charakigrysiyk
wiasciwosci  strukturalnych, zmiany strukturalne spowodowane procesem wygrzewania,
prowadzonym take w wysokim polu magnetycznym oraz badaniasen@osci magnetycznych.

Czes¢ teoretyczna pracy pwiecona jest modelowemu badaniu procesu adsorpcji wodoru na
powierzchni powtok kobaltowych poprzez zastosowanie technik mechaniki kwantowej. W zakres
tej czsci wchodzi rownie préba opisania i wyfmienia zmian strukturalnych powiok
kobaltowych spowodowanych wspoélwydzielajgn sie wodorem podczas procesu katodowego

osadzania.

Praca ta sktada sk czterech rozdziatow, w ktérych:

Rozdziat - zawiera przegthliteratury dotyczcy problematyki rozpatrywanej w pracy:

» podstaw elektrochemicznego osadzania metali, gtbwnej metody wytwarzania
powtok,

» poréwnania mgiwych mechanizmow elektrochemicznego osadzania powitok
kobaltowych,

> wplywu parametréw elektrochemicznego osadzania (pH, dodatki organiczne, etc.),
oraz warunkéw procesu (obedho zewretrznego pola magnetycznego) na
wiasciwosci  strukturalne, ktére gs gtdbwnym przedmiotem bada czsci
eksperymentalnej,

» charakterystyki wigciwosci strukturalnych powtok kobaltowych i stopowych na
osnowie kobaltu, w odniesieniu do ¢ézi eksperymentalnej zwigane] z

zastosowaniem otrzymanych powtok.

Rozdziat 11— pagwiecony jest czsci eksperymentalnej pracy, ktGra oparta jest na wyznaczeniu i

optymalizacji parametrow procesu katodowego osadzania, takich jak: pH roztworu, rodzaju




podkiadki katodowej i czasu osadzania. W ¢@astj kolejndci badano wplyw przylzonego
zewretrznego pola magnetycznego na $glavosci strukturalne otrzymanych powitok. Ponadto,
rozdziat ten zawiera tak okreélenie wptywu pola magnetycznego na procesy elektrochemiczne,

w tym przypadku elektrokrystalizacjkinetyke procesu.

Rozdziat 1l — badania przedstawione w tym rozdziadecgescig pracy nalegca do projektu
COMAGNET Projekt ten prowadzony jest we wspotpracy dwoch laboratoriéw: Laboratoire
d’'Ingenierie et Sciences des Materiaux w Reims i Key Laboratory of Electromagnetic Processing
of Materials w Shenyang. Rozdziat ten opisuje badania wptywu wygrzewania i wygrzewania w
zewretrznym polu magnetycznym powtok otrzymanych w wyniku katodowego osadzania,
opisanych w Rozdziale II na ich widciwosci strukturalne oraz badaniu Wawosci

magnetycznych.

Rozdziat IV— jest czscig teoretyczgp pracy, ktéra skupia sipa modelowaniu procesu adsorpcji
wodoru poprzez zastosowanie mechaniki kwantowej oraz relacji wynikow teoretycznych z

wynikami eksperymentalnymi.

Rozdziat | — Przegd literatury

Wiasciwosci danego materiatécisle zalezg od jego budowy strukturalnej, ktora z kolei
uzalezniona jest od metody i warunkéw prowadzenia procesu jego produkcji. Wydajaesie
by¢ interesygcym badanie zaimosci pomigdzy wiaciwosciami strukturalnymi a parametrami
procesu, ktérych kontrola pozwala na otrzymanie materialzgdpaych wiaciwosciach.

Proces katodowego osadzania jest gedrwielu metod powszechnie stosowanych przy
wytwarzaniu powitok monometalicznych, stopowych, czy wielowarstwowychyzéVse to
przede wszystkich z relatywnie niskimi kosztami procesu, jego pgasteysoky wydajnccia.
Ponadto, katodowe osadzanie charakteryzujedgiym stopniem kontroli, ktory jest ogjany
poprzez zmiag parametrow jego prowadzenia. Jednym z takich parametrow jest zastosowanie
zewretrznego pola magnetycznego, ktéry zmieggayvarunki hydrodynamiczne w roztworze
elektrolitu wptywa na wigciwosci strukturalne osadzanej powtoki. Istnieje rowniaozliwosé

zmiany otrzymanej struktury za pomogiektorych metod fizycznych, takich jak wygrzewanie,




badZz wygrzewanie w polu magnetycznym, w wyniku ktérych osadzane katodowo powtoki
charakteryzuyj si¢ dodatkowymi wiaciwosciami.

Postp w rozwoju irzynierii materiatowej odbywa si¢przede wszystkim poprzez
wielozakresowe podajie, co w praktyce oznacza wykorzystywanieggsie¢ z innych dziedzin
nauki, znajdowanie wspolnych relacji i ich stosowanie w celu otrzymania komplementarnego
zrozumienia rozpatrywanego problemu. Modelowanie i symulacja procesu wytwarzania powiok,
a scislej ujmujac procesdw zachodeych podczas ich osadzania, uhwia wizualizacg jego
przebiegu, dag tym samym mdiwos$¢ zaprojektowania materialu o0 Zjmlanych
wiasciwosciach. Jeds z nich jest wykorzystanie nowatroskich technik mechaniki kwantowej,
ktore daj szang na modelowe okétenie wigciwosci materiatu  zanim zostanie on

wyprodukowany.

Rozdziat Il — Cesé eksperymentalna: optymalizacja procesu

Rozdziat ten pawiecony jest badaniom wptywu pH roztworu, rodzaju podktadki
katodowej i czasu osadzania na $gtevosci i struktue osadzanych powtok. Rozpatrywane tutaj
wartésci pH s przypisane kolejno jako niskie — 2.7 i wysokie — 4.7. Rodzaje badanych
podkiadek katodowych to &rek tytanowy i szkilo napylane warstwtlenku indu (ITO),
dodatkowo wzmocnione powiakniklowa. Ponadto, badano wptyw przyknia zewgtrznego
pola magnetycznego na strukiui morfologiec osadzanych powilok, a tak zjawiska
elektrochemiczne, tj. proces elektrokrystalizacji, za pamoc krzywych
chronoamperometrycznych i topografii powtok, oraz kinetykrocesu osadzania poprzez
elektrochemiczg spektroskopigmpedancyjg (EIS).

Przeprowadzone badania pokazuie pH roztworu jest znageym parametrem w
procesie wzrostu powitok i formowania $gz metalicznych. Osadzane katodowo powtoki Co i
Co-Ni charakteryzujsic obecndcia dwdch struktur krystalograficznych: heksagonakstego
utozenia (hcp) i kubicznej (regularnegciennie centrowanej (fcc). Roice obserwowane w
skfadzie fazowym i morfologii powitok, w zaleosci od pH roztworu, zwigane § ze
wspotwydzielagcym st wodorem i adsorbugymi na powierzchni powlok zwikkami
przejciowymi, takimi jak wodorotlenki niklu i kobaltu.

Podczas katodowego osadzania na podktadkach tytanowykbzaiic powtok Co i Co-

Ni odznaczato si wysoky chropowatécia powierzchni. Celem jej zmniejszenia, tytanowa




podkiadka katodowa zostata zgsbna podkiadi Ni/ITO. Badania strukturalne pokazatye

rodzaj podktadki ma réwnie wptyw na sklad fazowy osadzanych powiok. W przypadku
osadzania na Ti, powloki kobaltowe charakteryzigobecnéciag obu faz: hcp i fcc, podczas

gdy powtoki Co i Co-Ni osadzane na Ni/ITQ gednofazowe (fcc). Obserwowanezmnice
sktadow fazowych powlok osadzanych naznych podkladkach katodowych zostaty
potwierdzone przez anatizmorfologii powtok, ktéra wskazuje na obedéhokrysztatow w
ksztaltach charakterystycznych dla obu faz. Dodatkowo, powtoki osadzane na podktadkach
Ni/ITO sg bardziej homogeniczne, a ich powierzchnia mniej chropowata unipowtok
osadzanych na podkitadkach tytanowych.

Czas osadzania wptywa na rozmiar ziaren osadu katodowego. Podczas dtugiego procesu
katodowego osadzania, proces wzrostu krysztatow petni dormgnujale nad procesem
zarodkowania i osadzone powlolgiw rezultacie grubokrystaliczne. Ze wedl na toze celem
tej pracy jest uzyskanie powitok nanokrystalicznych, zredukowano czas procesu katodowego
osadzania, ograniczajdym samym etap wzrostu krysztatéw osadu.

Wiasciwosci osadzanych powtok madye takze uzalenione od warunkow prowadzenia
procesu, w tym wypadku od obegnbprzytozonego réwnolegtego w stosunku do powierzchni
elektrody zewstrznego pola magnetycznego o nawit do 12T. W takich warunkach procesu
obserwuje siedodatkovs konwekcje wzbudzag w roztworze poprzez sitLorentza (efekt
magneto-hydro-dynamiczny), ktora wptywa na zmiamarunkow hydrodynamicznych przy
powierzchni elektrody, a przez to strukturmorfologie osadzanych powtok. Otrzymane wyniki
pokazujg ze przylzenie zewgtrznego pola magnetycznego podczas procesu osadzania nie
wplywa znaczgco na zmiany skladu fazowego powlok. Zmienia wiggledng intensywnéé
reflekséw dyfrakcyjnych poszczegolnych faz. Odosobnionym przypadkiem jest powtoka Co-Ni
osadzana na podkiadce tytanowej, ktorej skiad fazowy w poréwnaniu ze sktadem powtok Co-Ni
osadzanych na podkfadkach Ni/ITO zmieniawi@becnéci przylozonego pola magnetycznego.

W tym przypadku, wplyw pola magnetycznego na sktad fazowy jest podobny do wptywu

niskiego pH, gdzie obserwowany jest uprzywilejowany wzrost ptaszczyzny (220). Obserwowane
zmiany g prawdopodobnie spowodowane wtérnym dziataniem pola magnetycznego poprzez
zmiarg pH przy powierzchni elektrody, czy adsorpejspotwydzielajgego s¢ wodoru i innych

zwigzkOw parednich.




Przylazenie zewgtrznego pola magnetycznego podczas katodowego osadzania wptywa
na morfologi¢i chropowaté¢ powierzchni osadzanych powtok. Powtoki kobaltowe osadzane w
obecndci pola magnetycznegog sgeneralnie bardziej homogeniczne, co gzane jest z
obecndcig dodatkowej konwekcji w roztworze. Konwekcja powstata na skutek pryia pola
magetycznego powoduje mieszanie roztworu przy powierzchni elektrody, co zmniejsz& grubo
powtoki dyfuzyjnej i przyspiesza transport jonéw w kierunku jej powierzchni. W konsekwenciji
babelki wspétwydzielajgego s¢ wodoru g szybciej usuwane z powierzchni elektrody i
powierzchnia osadzanych powtok jest jednorodniejsza.

Katodowe osadzanie powlok Co-Ni i Co-Cu wykazuje anomalny charakter, ktory
skutkuje wy:szym stosunkiem zawagi Co/Cu w powtoce i jonéw CG*/Cu?* w roztworze.
Obecnd¢ zewretrznego pola magnetycznego podczas procesu katodowego osadzania wptywa
rowniez na sktad iléciowy metali w powtoce, w ktérych zawaétoCo w Co-Ni oraz Cu w Co-

Cu i Co-Ni-Cu jest wysza, kiedy proces prowadzony jest w polu magnetycznym.

Z punktu widzenia elektrochemii, badanie wptywu przgitego zewetrznego pola
magnetycznego na elektrokrystalizaggowtok Co i Co-Ni oraz kinetyk procesu osadzania
powtok Co-Cu pokazujeze obserwowane zmiany gtownie spowodowane efektem obegrio
pola magnetycznego, tj. jego wplywem na adsorpegpotwydzielanego wodoru i innych
zwigzkdw pdarednich, takich jak wodorotlenki osadzanych metali. W przypadku procesu
elektrokrystalizacji badanego na podstawie analizy krzywych chronoamperometrycznych, proces
zarodkowania osadzanych powtok katodowych jest ablizcharakterem do natychmiastowego,
niemniej jednak z odchyleniem od modelu teoretyczneganiB# ta spowodowana jest zmaan
warunkow hydrodynamicznych pod wptywem przgoego pola magnetycznego i
wspotwydzielagcym si¢ wodorem, ktéry determinuje przebieg zalesci gestasci pradowej w
funkcji czasu. Podobnie jest w przypadku kinetyki procesu. Piegle zewgtrznego pola
magnetycznego praktycznie nie wptywa na zmaipreeniesienia tadunku, a zmiany w kinetyce
procesu s gtownie zwigane ze zmianami powierzchni elektrody poprzez adsorpcje
wspotwydzielagcych siezwigzkOw parednich, tj. wodoru i wodorotlenkdw.

Efekty przyl@wonego zewetrznego pola magnetycznego podczas procesu katodowego
osadzania sprowadzapi¢c gtdwnie do jego wptywu na zmianproporcji sktadu fazowego,
ksztattu i rozmiaru krysztaldbw oraz chropowétopowierzchni powtoki. Obserwowane zmiany

spowodowane g efektem magneto-hydrodynamicznym (MHD) wzbudzanym w roztworze




elektrolitycznym przez sit¢.orentza. MHD przyspiesza transport jondw w roztworze, poriewa
wzbudzona obecnoig pola magnetycznego konwekcja miesza roztwor przy powierzchni
elektrody, zmniejszaf powtoke dyfuzyjma i przyspieszajg redukcje metali na powierzchni
elektrody. JednocZmie przyspieszana jest adsorpcja wspoOtwydzielagh sie zwigzkow
posrednich, tj. wodoru i wodorotlenkdw metali, ktore zmiegiajarunki hydrodynamiczne na
powierzchni elektrody. Wiaiwosci strukturalne osadzanej powtokj gtéwnie uzalenione od
dwoch proceséw, tj. dyfuzji na powierzchni elektrody, zad¢ od parametrow procesu, oraz
adsorpcji zwigkéw pcarednich. Zaklada sigviec, ze zmiany proporcji skladu fazowego w
powtoce g wynikiem zmiany pH przy powierzchni elektrody i konkurencyjnej adsorpcji
pomiedzy wspotwydzielajgym sie wodorem a wodorotlenkami osadzanych metali na
powierzchni powtoki. Problem ten jest szerzej rozpatrywariyozdziale 1V ktory skupia signa
modelowym badaniu procesu adsorpcji, celem swygnia zmian strukturalnych obserwowanych

w tej czsci pracy.

Rozdziat Il — Czsé eksperymentalna: zastosowanie

W drugiej czsci eksperymentalnej badany jest wptyw wygrzewania i wygrzewania w
zewretrznym polu magnetycznym powtok kobaltowych oraz élemde wi&ciwosci
magnetycznych osadzanych katodowo powtok kobaltowych. Wyniki pakazej proces
wygrzewania poprawia strukikrystalograficzg osadzanych powtok, a prowadzenie procesu w
zewretrznym polu magnetycznym zachowuje ten efekt. Wygrzewanie powoduje tOwnie
powstawanie obszaroéw dyfuzyjnych poory warstw pcsredni niklu, osadzanego na ITO i
warstwg wiasciwg powitoki. Efekt ten jest powkszony pod wptywem przyimnego pola
magnetycznego i wptywa na wkwosci magnetyczne osadzanych katodowo powtok, czego
przyktadem s powitoki Co/Ni/ITO. Analiza przeprowadzona przyzyaiu mikroskopu sit
magnetycznych (MFM) powtok Co/Ni/ITO wskazuje na pojawieniersgwielkie] prostopadiej
anizotropii magnetycznej, ktdra wzrasta w procesie wygrzewania z pobylm polem
magnetycznym.

W przypadku powtok Co-Ni/ITO, podczas katodowego osadzania w polu magetycznym
obserwuje si wzrost rozmiaru krysztatow powtoki i chropowéto powierzchni. Wygrzewanie
w polu magnetycznym zwksza efekt pola magnetycznego przgioego podczas procesu

katodowego osadzania. Osadzane katodowo powtoki Co-Ni/ITO charaktersizugruktug
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reguralm o ptaszczynie (111), ktorej wzrost nie jest zalgy od obecnéci zewrgtrznego pola
magnetycznego. Raiejszy proces wygrzewania powtok powoduje silny wzrost tej ptaszczyzny,
ktéra nie ulega wplywowi przylmnego pola magnetycznego w czasie ponownego procesu.
Obserwowane zmiany strukturalne wptywanacaco na wiaciwosci magnetyczne powtok. W
wyniku procesu katodowego osadzania w polu magnetycznym powtoki Co-Ni/ITO
charakteryzyj si¢ wysokim polem koercji, ktérego wakiowzrasta wraz ze wzrostem gagnia
pola magnetycznego. Wygrzewanie w polu magnetycznym przynosi efekt odwrotny, tj. pole
koercji powtok wygrzewanych w polu magnetycznym ulega redukcji, gdyewitpola wzrasta.
Badanie witaciwosci magnetycznych prowadzono rowhnidla powtok Co-Cu/Cu/ITO i
Co-Ni-Cu/Cu/ITO osadzanych katodowo w polu magnetycznym o ewit¢zpola do 1T. W tym
przypadku, wiéciwosci magnetyczne ssgtdwnie zalene od sktadu chemicznego powtok. W
warunkach procesu prowadzonego w zewamym polu magnetycznym obserwuje sugzrost
zawart@gci Cu w obu powitokach i zmiany w ich morfologii. Powtoki osadzane w polu
magnetycznym charakteryzugie silnie rozwini¢a struktug dendrytyczp, ktéra wptywa na

stosunek powierzchnia/olgs¢ powodujg zmiany anizotropii magnetycznej powtok.

Rozdziat IV — Cgsé teoretyczna: modelowe badanie procesu adsorpciji

Modelowe badanie procesu adsorpcji wodoru oparte je na technikach mechaniki
kwantowej i teorii funkcjonatu gptosci (ang. Density Functional Theory, DFT). Na ich
podstawie dokonano obliczenia energii adsorigjid atomowego ) i jonowego H*) wodoru
na powierzchni kobaltu. W modelowym badaniu procesu adsorpcji udvigito oba rodzaje
sieci krystalicznych tego metalu, tj. strukfureksagonalngestego utaenia (hcp) oraz strukter
regularm sciennie centrowan (fcc). Spdrdéd nich wybrano plaszczyzny atomowe, ktore
najczsciej pojawiaja si¢ w powiloce kobaltowej osadzanej katodowo z roztworow
podstawowych, tj. roztworéw niezawiereych dodatkdéw organicznych. W przypadku struktury
heksagonalnej, obliczenia dotyoryznaczenidaqds pomigdzy wodorem a ptaszczyznami: (100),
(110), (101) i (011); dla struktury kubiczneg $0 kolejno: (100), (110), (111) oraz (220).
Ponadto, modelowe badanie procesu adsorpcji wodoru pozwolito ©okrasidzaj
najstabilniejszego weania pomigzy wodorem a powierzchypadsorpcyjn.

Na podstawie otrzymanych wynikdw stwierdzon@ najstabilniejszym pokeniem

adsorbujgego s¢ wodoru jest potzenie pomostowe dwojakie (z ang. bridge site), ktére
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tworzone jest z wkszacig rozpatrywanych powierzchni kobaltu. Niemniej jednak, adsorpcja na
powierzchni struktury kubicznej wskazuje rowni@a maliwosé wystgpowania potaenia
pomostowego trojakiego (z ang. 3-fold site) na powierzchniach ptaszczyzn kszyadh
wartasciach wskanikéw, np. (220). Zgodnie z obliczeniantt,gs uzaleniona jest od rodzaju
powierzchni adsorpcyjnej, rodzaju tworzonego zainia pomigzy wodorem a powierzchnia
adsorpcyjn oraz zastosowanym funkcjonatem obliczeniowym. Wazlil z tym, otrzymane
wartaici Eags Wykazup pewry tendeng, na podstawie ktérej mioa wyodebni¢ powierzchnie
bardziej dz mniej podatne na adsorpcjvodoru. Dziki temu, maliwe jest hipotetyczne
wyjasnienie formowania sigaz w powtokach kobaltowych otrzymanych w procesie katodowego
osadzania, dyskutowanychRwozdziale Il

W czsci eksperymentalnej powtoki kobaltowe byty osadzane katodowo z roztworéw o
dwéch wartéciach pH. W przypadku osadzania z roztworu o niskim pH (2.7), dyfrakcyjna
analiza rentgenowska wskazuje na obécmbu faz kobaltu: heksagonalnej o ptaszozgy (110)
oraz kubicznej o ptaszczyie (220). W odniesieniu dB,gs faza kubiczna jest bardziej podatna
na adsorpcjewodoru niz faza heksagonalna. W zwku z tym, udziat olfosciowy fazy
kubicznej jest prawdopodobnie wszy nizfazy heksagonalnej, ze wzdlg na zwikszory ilos¢
wigzanego z jej powierzchmiwodoru. Powstape w rezultacie zwigki wodorkow kobaltu
prawdopodobnie blokujaalszy wzrost powtoki w ptaszcayie (220) pozwalag tym samym na
jej wzrost w innych ptaszczyznach, w tym przypadku heksagonalnej - (110). W przypadku
powtok kobaltowych osadzanych z roztworow ozezym pH (4.7), sklad fazowy powioki jest
bardziej uzaleniony od powstajcych zwigzkéw wodorolenkéw kobaltu nijego wodorkow i
dalsze obliczeni&,qs 3 potrzebne, by jednoznacznie stwierdaitgrywamn przez nich ragj w
procesie formowania gifaz. Przypuszcza sige ich wplyw na proces formowania digz w
powtoce jest podobny do wptywu wodorkow kobaltu.

W dalszej cesci okreslony zostat wplyw przyleonego zewetrznego pola
magnetycznego podczas katodowego osadzania na zmiany proporcji sktadu fazowego. Badania
pokazujg ze wptyw pola magnetycznego opierg girzede wszystkim na zmianie warunkéw
hydrodynamicznych w roztworze, przy powierzchni elektrody. Pyeylee zewgtrznego pola
magnetycznego powoduje przyspieszenie transportu jonow do powierzchni elektrody poprzez

wzbudzom dodatkowy konwekcg. W rezultacie obserwowany jest konkurencyjny proces
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redukcji jonéw osadzanego metalu i jonédw wodorowych na powierzchni elektrody, ktory
bezpdrednio wptywa na skiad fazowy osadzanej powtoki.

Niniejsza praca przedstawia wktad Autora w dzieglzilmgneto-elektrochemii poprzez
badania oparte na powtokach, ktérch podstawowym sktadnikiem jest kobalt. Celem pracy byto
poszerzenie wiedzy i wyaienie roli odgrywanej przez przyenie zewgtrznego pola
magnetycznego w procesie wzrostu powiok. Ponadto, pokazagopowigzanych ze sab
proceséw katodowego osadzania i wygrzewania w praggm zewwrtrznym polu
magnetycznym, ktore znago wplywaja na widciwosci magnetyczne otrzymanych powiok.
Zaproponowano tale nowatorskie rozwianie, ktérego celem jest ogigecie lepszego
wyjasnienia i zrozumienia otrzymanych wynikéw eksperymentalnych, otwedyskusj¢nad
znaczeniem modelowego badania procesow elektochemicznych zamjuddzv obecngri

zewretrznego pola magnetycznego, poprzez wykorzystanie technik mechaniki kwantowe;.
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Abstract

The present work is focused on the experimental and theoretical studies of the
electrodeposition mechanism of Co-based films, including single Co, binary Co-Ni, Co-Cu and
ternary Co-Ni-Cu alloy films. The modeling and structure-properties relationship by a multi-scale
approach are investigated.

The preliminary study involves determination and optimization of the electrodeposition
parameters in order to obtain nanocrystalline films with satisfied surface quality and promising
magnetic properties. It is shown that the electrolytic pH, to-be-deposited type of substrate and
deposition time are of high importance in the fabrication of nanoscale materials. Among them,
the electrolytic pH is the one, which has the greatest effect on the structure formation. The film
growth as well as its quality can be strongly affected by a superimposition of an external
magnetic field. The electrodeposition process was carried out under parallel to the electrode
surface magnetic fields with magnets strength up to 12T. The results reveal that the induced
forced convection in the electrolyte changes the hydrodynamic conditions and thus, affects the
structure and morphology of the obtained films. Furthermore, the process kinetics and crystal
growth are enhanced under magnetic electrodeposition conditions.

Microstructure formed by the electrochemical processing is characterized by some
significant magnetic properties, which may result in soft and/or hard magnetic materials,
depending on their application approach. Additionally, the microstructure of films has been
improved by the magnetic annealing treatment. Thus, the recrystallization and interdiffusion
phenomena are observed, and modification of the magnetic properties is induced.

Considering the electrodeposition process carried out in agueous solutions the secondary
process, which is the hydrogen evolution reaction (HER), needs to be taken into account. The
theoretical study based on the tools of quantum mechanics (QM) and density functional theory
(DFT) is used to determine the adsorption energies of hydrogen. In this work, the calculation
results are related with the experimental study and may explain the structure formation assisted

by the simultaneous evolution of hydrogen at the electrode surface.




Résumé

Des études expérimentales et théoriques du mécanisme d'électrodéposition de différents
revétements a base de cobalt : le cobalt métallique, les alliages binaires Co-Ni, Co-Cu et l'alliage
ternaire Co-Ni-Cu sont menés.

Les propriétés de ces films dépendent fortement des parametres expérimentaux tels que le
pH de I'électrolyte, la nature du substrat, etc.. Un champ magnétique jusqu'a 12T est superposé
parallelement a la surface de I'électrode de travail. La convection forcée induite dans I'électrolyte
modifie les conditions hydrodynamiques et par conséquent, influe sur la structure et la
morphologie des films obtenus. Par ailleurs, la cinétique des processus et la croissance des
cristaux sont améliorées dans des conditions magnéto électrochimique. Les microstructures
obtenues suite au procédé électrochimique en présence d’'un champ magnétique sont caractérisées
par différentes propriétés magnétiques trouvant un intérét potentiel en tant que matériaux
magnétiques doux et / ou dur. Dans le cadre du projet ANR COMAGNET, les matériaux
subissent ensuite un traitement thermique en présence d’'un champ magnétique, des phénomenes
de recristallisation et interdiffusion sont mis en évidence induisant des modifications des
propriétés magnétiques.

Enfin, des calculs de I'énergie d'adsorption de l'atome d'hydrogéne et de’l'saur H
différentes faces cristallographiques du cobalt sont menés par modélisation DFT (Théorie de la
Fonctionnelle de la Densité). Ces résultats, mis en relation avec I'étude expérimentale, montrent
le lien entre la formation de certaines structures cristallographiques et I'évolution simultanée de

I'nydrogene a la surface de I'électrode pendant I'électrolyse.




Abstrakt

Praca oparta jest na eksperymentalnym i teoretycznym badaniu mechanizmu katodowego
osadzania powilok na osnowie kobaltu. Badano kolejno powtoki: kobaltowe (Co), kobaltowo-
niklowe (Co-Ni), kobaltowo-miedziane (Co-Cu) i kobaltowo-niklowo-miedziane (Co-Ni-Cu).
Czs$¢ eksperymentalna pracy obejmuje katodowe osadzanie powitok, charakigrystyk
wiasciwosci - strukturalnych, zmiany strukturalne spowodowane procesem wygrzewania,
prowadzonym take w wysokim polu magnetycznym oraz badaniasen@osci magnetycznych.

Czs¢ teoretyczna pracy pwiecona jest modelowemu badaniu procesu adsorpcji wodoru na
powierzchni powtok kobaltowych poprzez zastosowanie technik mechaniki kwantowej. W zakres
tej czsci wchodzi réwnie préba opisania i wyfmienia zmian strukturalnych powiok
kobaltowych spowodowanych wspoélwydzielajan sie wodorem podczas procesu katodowego
osadzania.

Niniejsza praca przedstawia wktad Autora w dzieglzimlmgneto-elektrochemii poprzez
badania oparte na powtokach, ktérch podstawowym sktadnikiem jest kobalt. Celem pracy jest
poszerzenie wiedzy i wyaienie roli odgrywanej przez przylenie zewntrznego pola
magnetycznego w procesie wzrostu powiok. Ponadto, pokazagopowliazanych ze sab
procesOw katodowego osadzania i wygrzewania w pieggm zewgtrznym polu
magnetycznym, ktore znago wplywaja na wiadciwosci magnetyczne otrzymanych powiok.
Zaproponowano tale nowatorskie rozwianie, ktdérego celem jest ogigecie lepszego
wyjasnienia i zrozumienia otrzymanych wynikdw eksperymentalnych, otwiedyskusjenad
znaczeniem modelowego badania procesow elektochemicznych zamyoddzav obecngri

zewretrznego pola magnetycznego, poprzez wykorzystanie technik mechaniki kwantowej.
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Fig.63. Schematic representation of the current distribution together with direction of Lorentz
force (left hand side) and characteristic convection patterns (right hand side) in the
vicinity of a bubble obtained in the perpendicular-to-electrode magnetic field
configuration (a), and surface tensions between gas/liquid/solid interfaces (b). (Krause
et al. [217], Koza et al. [220]).

Fig.64. Optical micrographs of CoFe deposits: (a) deposited without magnetic field and (b)
deposited with B = 1T [220].

Fig.65. H atom adsorption sites on Fe(111) surface (Huo et al.[240]).
Fig.66. The Bravais lattice indicating hexagonal simple structure of cobalt.

Fig.67. The Bravais lattice indicating a simple hexagonal structure of cobalt with marked
calculation part.

Fig.68. Crystallographic structures of cobalt with marked planes determined by CaRIne 3.1
software and geometrical parameters.

Fig.69. Example of the adsorption sites of hydrogen at cubic-Co surface: (a) — bridge site, (b)
— 3-fold site.

Fig.70. X-ray diffraction patterns of the electrodeposited Co at different bath pH.
Fig.71. X-ray diffraction patterns of the electrodeposited Co films under 1T magnetic field.
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General Introduction

In the age of nanostructured materials and well performed magnetic devices it seems
reasonable to provide investigations on the improvement of relationship between structure and
properties. Ferromagnetic films consisting of transition metals (e.g. Co, Ni, Fe) or their alloys
have a wide range of applications in data storage devices, write-read heads, and sensor
technology. Especially Co-based magnetic films are used in microelectromechanical systems
(MEMSSs), including microactuators, sensors, micromotors, etc.. In this way, magnetic
nanostructures are vastly examinated due to their functional and technological properties.

The magnetic behaviour of Co-based materials is currently a field of very active research
due to the ability for exhibition new, stable and beneficial magnetic properties. Moreover, the
production of such films using several deposition techniques has aroused great interest, because
many of their properties may be changed with preparation methods as well as deposition
parameters. Electrodeposition has been one of the techniques used to produce ferromagnetic
single-element, alloy and multilayer films for a long time, since it has some advantages such as
low cost, simplicity and fast production. Moreover, it is attractive due to a high degree of control,
which can be obtained by varying the experimental conditions.

Since the material properties are affected by the structure, which in turn depends on the
production method, it seems interesting to investigate its formation under different process
conditions. One of them is a superimposed magnetic field on the electrolytic cell, which is well
known to influence the hydrodynamic conditions in the electrolyte and thus, affects the
microstructure formation of material. Furthermore, the material microstructure formation may be
modified by some external routes, such as annealing and/or magnetic annealing processes. As a
consequence, the resulted material microstructure performs different characteristics and
properties.

Development of the material science is generally done by a multidisciplinary approach.
Modeling and simulating of the fabrication processing allow predicting the final microstructure
of material with required properties. The quantum mechanics (QM) and density functional theory
(DFT) are novel routes in the materials design. The possibility of their use creates a new

opportunity to model and predict the material form, before it will be fabricated.
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The aim of this work is to model and to investigate the relationship between structure and
properties of the electrodeposited Co-based films, such as single Co, binary Co-Ni and Co-Cu,

and ternary Co-Ni-Cu alloy films, by a multi-scale approach.

The thesis consists of four chapters organized as follows:

Chapter | —is the literature review section, which summarizes the main subjects involved in the

thesis. In the first order the basics of electrodeposition process are described and refer to the
examples of electrodeposition mechanism of cobalt and Co-based alloy films. The parameters
affecting electrodeposition process and effect of a superimposed magnetic field is considered as

well.

Chapter 11 — is the experimental results section. It consists of the experimental methodology
route followed by the preliminary study, where firstly, the determination and optimization of the
electrodeposition parameters are investigated. Secondly, the effect of a superimposed magnetic
field on the microstructure of cobalt and Co-based alloys is determined. Additionally, this section
contains also the electrochemical investigations related to the kinetics and dynamics of deposition

process influenced by an external magnetic field.

Chapter 111 - is the application approach section. It is focused on the determination of magnetic
properties and structure improvement by annealing and magnetic annealing treatments. The
magnetic characterization and annealing effects are described and the relation between structure

and properties is discussed.

Chapter 1V — is the theoretical study section. The Quantum Mechanics (QM) and Density
Functional Theory (DFT) studies are involved in the modeling of hydrogen adsorption process
onto cobalt surfaces. It consists of description of QM and DFT techniques and calculation of the
adsorption energies of hydrogen onto cobalt structures: hexagonal closed-packed (hcp) and face-

centered cubic (fcc). The relationship between theoretical and experimental studies is presented.
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Chapter I

Literature review
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L.1. Introduction

In parallel with development of the new processes, considerable effort has been devoted
to gain a fundamental understanding of electrodeposition. Electrochemical deposition processing,
among many other advantages, is mainly used to reflect material properties and to improve
contact resistance and friction properties. It is also a good method to improve corrosion resistance
or particular desired physical and/or mechanical properties of the metal surface. The material
properties are determined by nucleation process that occurs at the early stages of
electrodeposition. They are strongly dependent on deposition parameters, such as current density,
deposition potential, pH, additives, bath temperature, etc.. The main problem involved in the
production of films by electrodeposition method is roughening. Numerous studies can be found
considering the possibilities to resolve the problem with rough deposits surface. One of the
methods of tackling this problem is magneto-electrodeposition (MED). MED is an
electrodeposition phenomenon occurring under the influence of a magnetic field on the formation
of a substance layer on an appropriate substrate in externally imposed magnetic field. An
important role of superimposed magnetic field during electrodeposition process is also
modification of deposit morphology, depending on the magnetic character of deposited metal.
Hence, it seems reasonable to investigate the electrodeposition process of materials, which can be
affected by external conditions, as magnetic field, and thus, improving the properties of deposited
films.

The followed sections are based on the problematic considered in this thesis and thus,
present:

» principles of the electrodeposition process, since it has been the main production route of

Co-based films in this work,

» description of the possible electrodeposition mechanism of cobalt, due to the
investigations of different Co-based systems and theoretical study part,

» effects of the electrodeposition parameters (e.g. electrolyte pH, additives, etc.) and
conditions (superimposed external magnetic field) on microstructural formation of Co-
based films in relation with the experimental study part,

» characteristics of the obtained microstructure, according to the application approach
study.
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1.2. Background of electrochemical deposition

Electrodeposition is a process in which the metal atoms are deposited on a conducting substrate
by passing a current through electrolytic solution containing the to-be-deposited metal(s). The
schematic diagram explaining the electrodeposition is shown in Fig.1.

0

anode cathode

electralyte

Fig.1. Schematic diagram of the electrodeposition process.

The typical electrodeposition setup consists of following components:

- electrolytic solution,

- cathode and anode,

- source of electricity.
When the current passed through cathode and anode immersed in electrolyte containing the to-be-
deposited metal(s) ions, the metal ions get attracted towards cathode neutralized electrically by
receiving electrons and get deposited cathode. Deposition is controlled by controlling the amount
and rate of charge passing through the electrolyte. Thus, the electrical energy is used to cause
chemical change. The net result is that the metal (cation) is deposited on the cathode from a

solution of metal ions according to following process:

M™ +ne” - M (1)
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On the other hand, if the electrolyte contains more than one ionic species that can be
simultaneously deposited, then the electrodeposition process for, say two types of ionic species

can be written as:

M*+e - M (2)
N"+e - N (3)
or M"+ N +2e - MN 4)

Accordingly, one can deposit a compound or an alloy of a multicomponent system. When
electrolysis is carried out in the electrolyte, metal is deposited on the cathode and at the same
time anode can be dissolved in the solution or another reaction can occur, i.e. water oxidation.
The amount of dissolution and deposition is determined by the quantity of electricity passed and
by the electrochemical reactions that occur (deposition, dissolution, metal reduction or
oxidation).

1.2.1. Steps involved in the electrochemical deposition process

Electrodeposition of ionic species from the electrolyte occurs in the following successive
steps:

- ionic transport,

- discharge,

- breaking of ion-ligand bond (if the bath is complexed),

- incorporation of ad-atoms onto the substrate followed by nucleation and growth

processes.

All above steps occur within 1-1000 angstroms from the substrate. However, each of them has its
own region of operation. These various processes can be classified with respect to the distance
from the electrolyte (Fig.2), as:

(a)in the electrolyte

1 —Migration. lons in the electrolyte can move towards the electrode under influence of potential
gradient and mechanical convection, leading to ion drift.
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(b) near the electrode surface

2 — Diffusionn 3 — Rearrangement of the ionic atmosphere— Reorientation of the solvent

dipols 5 —Modification of the distances between ligands and central ions.

lonic species are normally surrounded by a hydration sheath or by other complex forming ion or

ligand present in the electrolyte. They move together as a single entity and arrive near the

electrode surface, where the ion-ligand system either accepts electrons from the cathode, or

donates electrons to the anode.

Electrode !
Cl'an.'lcal I Mass transfer
resctions ) i i
)  —— 0 a4 -o-- 0
Adsorption 0 = surf __| 1, 7Bk
oo X
|
e I
Oa- - Dresonption :
: I
—1—® || Skxin . : !
- 7| sramerar Diffusion ' Bulk
B zane i solution
I
|
325 Desorption :
) I
iy |
3 . | . :
dsorpti C— ==
Adsonption R 15— R surf <! _1___ Baulk
I
Chemical I
reactions :
L | I
I

Fig.2. Approximate regions in which the various stages of ion transport occur,
leading for electrodeposition.

(c) at the electrode surface

6 — Adsorptionsurface diffusiorelectrocrystallization7 — Electron transfer

The ions arrive near the electrode, where step by step they lead to the formation of a new solid
phase or the growth of an electrodeposit. The atoms deposited have a tendency to form either an
ordered crystalline phase, or a disordered amorphous phase. The electrodeposit formation steps of

transport, discharge, nucleation and growth are interlinked.

1.2.2. Pathways for the growth of electrodeposit
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Four types of fundamental areas are involved in the electrochemical deposition process
(Fig.3):

lonin the electrolyte bulk

O

Transport (STEP 1)

.‘_

lon atthe interface (STEP II)

Ad-atom formation and surface diffusion

OO

Diffusionto =y
: STEP IV STEP IV
a growth site / (Route A) [Rnute B)

(STEP Iy IO
Cluster Fnrmatmn of
\ / growth centre

STERP WV STERP WV
(Monolayer formation) (Monolayer formation)

Fig.3. Schematic representation of the steps involved in electrodeposition.

- electrode/electrolytic solution interface as the locus of deposition process — STEP |,
- thermodynamics and kinetics of the deposition process — STEP I,
- nucleation and growth processes of deposits, where again alternative routes are possible:
(a) growth assisted by surface diffusion - STEP I,
(b) growth assisted by formation of clusters and critical nuclei - STEP 1V,
(c) formation of monolayer and final growth of electrodeposit - STEP V,
- structure and properties of the deposits.

Among them the first two: electrode-electrolyte solution interface and thermodynamics and
kinetics, are the most important in the whole electrodeposition process, because they determine
the early stages of nucleation and growth modes of electrodeposit. Thus, the followed section
provides a brief discussion on these areas.

1.2.2.1. Thermodynamics and kinetics of the electrodeposition process
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Thermodynamics and kinetics of the electrochemical deposition process are generally
related to the nucleation mode, which is strongly affected by temperature at which the process is
undertakenAlternations in the temperature range used may affect kinetics in the following way:
decreasing temperature increases the activity of ions, causing faster nucleation rather than nuclei
growth. Thus, the critical nucleating condition will occur at low temperature. The relationship
between morphology and early stages of electrodeposition (electrocrystallization) is an open area
of research.

In the formation and growth of ad-ion clusters, two processes are of fundamental
importance:

0] the arrival and adsorption of ions (atoms) at the surface,

(i) the motion of these adsorbed ions (ad-ions, ad-atoms) at the surface.

An ad-ion deposited at the surface of a perfect crystal stays at this surface as an ad-ion only
temporarily, since its binding energy to the crystal is small. It is not a stable entity on the surface,
but it can increase its stability by formation of clusters. The transfer of ions is purely a
thermodynamic conceptual origin. Under the state of thermodynamic equilibrium in an
electrochemical system comprising metal ions in electrolytic solution, metal ad-atoms on an

electrode, and metal atoms in the deposit, the system is stable.

1.3. Electrodeposition mechanism of Co and Co-based alloys

Several mechanisms for cobalt electrodeposition have been proposed in the literature [1-
5]. The main idea lies on assumption that the pH in vicinity of the cathode surface increases due
to the hydrogen evolution reaction and cobalt hydroxide can be formed. In general, the most
comprehensive studies report that deposition occurs similarly to that of other iron-group metals
as for example iron and nickel, by involving the consecutive one-electron transfer steps [6-13].
The first step involves formation of an intermediate ad-ion GE([EQ. (5)), which is then

consumed in the second step to produce metal (Eq. (6)) [14]:
CCK“)"'G_ - CO(I)ads (5)

Cdl),, +€ - Ca (6)
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Pradhan eal. [4] and Ciu efal. [5] reported that the cobalt electrodeposition mechanism
is thought to occur via the formation of CoOlnd Co(OH) species. The formation of
hydroxide species depends on the pH of deposition bath. For solution pH lower than 4.0, the
authors proposed that €and OH ions react with each other producing CoQtthich is in the
form of “unstable complex”. The reaction that follows next is the reduction of this complex and
its reaction with adsorbed hydrogen to form metallic cobalt. For solution pH between 4.0 and 4.5
they proposed that €band OH ions reacts producing cobalt hydroxide, which is then reduced
to produce metallic cobalt. The last reaction involving reduction of the adsorbed hydroxide
causes an increase of Oldns concentration near the electrode, which changes the surface pH.
Since OH ions are formed during the cobalt reduction, at pH 4.0 and 4.5, this mechanism does
not result in hydrogen evolution reaction. On the other hand, Jeffral {&] proposed an
alternative mechanism involving CoOkbns, whereas the authors did not mention if these ions
are free or adsorbed on the electrode surface. Furthermore, the authors did not consider the
dissociation constant of those ions under their experimental conditions, leaving their proposed
mechanism very unpredictable. Moreover, they suggested that the limiting step for the proposed
mechanism is the reduction of CoOté metallic cobalt. Unfortunately, again the authors did not
mention how these particularly unstable species were formed. Another mechanism for cobalt
electrodeposition have been proposed by Jiara. 41,2], who investigated different reaction
paths that involve the formation of cobalt hydroxides and oxides species, as well as mentioned
unstable cobalt complex ions, as the prior products before effective deposition of metallic cobalt.

Considering aboved descriptions, Matsushimale{15] presented a study aiming the
usage of Electrochemical Quartz Crystal Microbalance (EQCM) technique simultaneously with
cyclic voltammetry in order to compare past results and to propose a practical and alternative
mechanism for cobalt electrodeposition at different pH unbuffered solutions. It was reported that
only two different reactions, i.e. direct cobalt reduction and cobalt hydroxide formation, describe
the current process without further intermediates. The last reaction is a consequence of the
parallel hydrogen evolution reaction. A flux model considering these proposals was made and
fitted the experimental data. For the purpose of elaborating a mathematical flux model, it was

assumed that only the direct reduction of cobalt takes place, as shown by the equation below:

Cg;, +2e - Ca, 7)
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On the other hand, during metal electrodeposition from an aqueous solution at negative
potentials, the parallel reaction of water electrolysis occurs. Such a reaction can be related to the

formation of Co hydroxides:

2H,0+2e - H,, +20H ., 8)

2+ -
Co,, +20H

(ag)

~ Co(OH), 9)

Summarizing, Egs. (8) and (9) are related to the formation of Co(@Mje equation (7) stands

for the direct deposition of cobalt. Cobalt hydroxide reduction requires a much more negative
potential then direct cobalt reduction. Considering the simultaneous reaction of water electrolysis
(Eq. (8)) and C&% ions reduction, it can be proposed that the amount of generatedoB4iis

directly proportional to the amount of formed Co(@BpPecies (Eg. (9)).
1.3.1. Structural characteristic of the electrodeposited cobalt

The review of publications in the past twenty years shows that the interest in cobalt
containing alloys grows due to the expansion of their application areas. Among the iron-group
metals, cobalt is an important ferromagnetic element, which due to its various structure and
morphology formation with other elements, exhibits some unique properties of high importance.

Electrolytic cobalt crystallizes with both hexagonal closed-packed (hcp) and face centred-

cubic (fcc) lattice structures (Fig.4.).

Hexagonal Face centered cubic
Crvstal system Edge length Interaxial angle
Hexagonal a=b#c a=p=90°y=120°
Cubic a=h=c a=f=vy=90°

Fig.4. The Bravais crystalline systems representing hexagonal and cubic structures [16].
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The hcp phase is thermodynamically stable at temperature belS® fi17]. The transformation

energy between stable hcp phase and high-temperature fcc phase is determined by the stacking
fault energy, which is very low for cobalt. A magnetically induced phase transformation is in
principle possible, when the mobility of the atoms is high enough and the magnetically induced
energy is in the same order of magnitude as the transformation energy [18].

The formation of fcc-Co by electrodeposition has been studied in details and still remains
a research topic of primary relevance, although in recent years the attention has been particularly
focused on phase selection as related to substrate influence [19,20] and deposition conditions
[19,21,22]. The first extensive reports on the crystal structure of electrodeposited hcp-Co
appeared in 1966, by Cadorna and Cavallotti [23] and by Pangarov and Vitkova [24]. According
to the latter, the experimental results were in substantial agreement with the theory of 2D
nucleation [25]. The following investigations were almost exclusively focused on deposition
from Watts's type electrolyte or from buffered sulphate solution. Deposits having biphasic
composition show a hcp-(110)+fcc-(110) texture, from buffered sulphate [26,25-28] or
sulphamate [23] solution, in agreement with the early observation of Finah [@9]. With
increase of pH the structure becomes completely of the hcp-phase and deposits texture depends
mainly on solution pH [23,27-30] and, to a minor extent, on temperature [27] and current density
[31]. The prevailing orientations and their stability with respect to the operative conditions are
characterized in details for both sulphate [23,26-28,32] and chloride based electrolytes [33].

Early attempts to interpreter the growth modes of electrodeposited cobalt followed
Reddy’s views on nickel electrocrystallization [34]. The different growth textures were explained
as a consequence of competitive adsorption between hydrogen and intermediate species [27] or
classified according to growth conditions related to different degree of inhibition [26].
Subsequently, the main importance of the electrolyte pH was recognized. It was suggested [35] or
explicitly stated [36] that the surface pH and the related chemical phenomena at the cathode
surface were the major factors responsible for the development of different textures [30,37]. The
structural bearing of hydrolytic phenomena received further support from the work of Croll [30],
who reported that depositing from CoS€ectrolyte, in the absence of boric acid, a sharp change
from (100)+(110)-hcp to (001)-hcp preferential orientation takes place at pH about 4 within a
short range. When boric acid is present the (100)+(110)-hcp preferred orientation weakens
gradually as the pH raises and the transition pH is higher, about 6.4. The possibility of obtaining

the three main growth orientations of hcp-Co by autocatalytic deposition [38] and the assessment
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of the conditions giving Co cellular growth [39,40] with strong (001)-hcp texture definitely

pointed out the decisive contribution of reactive hydrolysis in determining the deposits structure.

1.3.2. Parameters affecting electrodeposition process

In the electrodeposition process, the main objective is to produce a uniform deposit on the metal
to-be-coated. From this reason as well as from the fact that the properties of an electrodeposit are
significantly changing depending on the operating conditions, a systematic study about the
parameters affecting properties of an electrodeposit is required. In the electrodeposition process,
the main parameters to be considered generally include current density or deposition potential,
bath type, electrolyte pH, temperature and presence of additives. Among them the deposition
current/potential, electrolyte pH and additives are found to be the most significant. The effect of
current density on the structure of electrodeposits is particularly important because it greatly
changes the cathodic potential. However, a secondary process — hydrogen evolution reaction, will
also be produced at the cathode. Temperature and pH control are always desirable in deposition
conditions because they affect the characteristic of deposition solution and/or the deposit.
Agitation of deposition solution is also usually helpful in influencing the structures of deposits.
Although agitation causes the formation of coarse-grained deposits, it permits the use of higher
current densities. Nevertheless, by adjusting the electrochemical deposition conditions as well as
physical parameters, such as substrate type, it is possible to control and optimize the structural,

mechanical and magnetic properties of electrodeposited films.

1.3.2.1. Effect of current density and deposition potential

In the electrodeposition process, the sheer amount of material deposited on a cathode is
practically not uniform and greatly influenced by the current distribution. In practice, the metal
ions do not deposit as continuous sheets from one edge of the cathode to the other. In general, the
metal ions are attached to the cathode at certain favoured sites. This condition will possibly result
in the presence of discontinuities in the form of pores, cracks or other irregularities. Thus, the
current density and its distribution play a key role in determining the quality of final deposit.

Cojocaru etl. [41] investigated the Co-Ni system deposited at different current densities.

With their experimental conditions, compact, no fragile and very fine-grained deposits were

36



always obtained. All Co-Ni deposits showed diffraction peaks corresponding to the fcc structure.
The position of diffraction peaks indicating alloy formation was shifted to lower angles than
those corresponding to pure Ni, as a consequence of incorporation of Co atoms in the fcc
crystalline lattice of Ni. An increase of current density favoured the decrease of Co percentage.
This behaviour was ascribed to a nickel deposition process controlled by activation, whereas Co
deposition process can be controlled by a mass transfer. Bahadormaale$#h2¢tshowed that

higher current densities used during electrodeposition provide more reductive circumstance and
consequently more activation energy for deposition. This is more beneficial for deposition of the
species controlled kinetically than that controlled by diffusion. Therefore, increasing the current
density, the contribution of Ni ions in the electron transfer is enhanced and their content in the
deposits increases, which is equivalent to the reduction of relative amount of cobalt in the
deposits. Zhao edl. [43] proposed an original approach to design of a self-lubricant coating
based on the electrodeposition of nanostructured columnar or cellular cobalt films. The
investigated effect of current density on the morphology and crystal structure of Co deposits
showed that by an applied low current density a faceted morphology consisting of crystal of
either polyhedral or pyramidal shape, with a relatively large distribution of grain size was
obtained. Occasionally, either in-plane or slightly inclined hexagonal facets appeared at the
surface, denoting the lower quality of basal orientation of the layer. At higher current densities, a
larger population of smaller grains and an increasingly mound shape top was observed. The
faceted growth at low current density or the extent of it at higher current density was linked to the
nucleation intensity, which increased with current density increase.

Some of the publications consider also the effect of deposition potential. For instance,
Karaagac etl. [44] reported the role of cathode potential on crystal structure and magnetic
properties of Co-Cu films electrodeposited on polycrystalline Cu substrates. It was observed that
the crystal structure of Co-Cu films changed with Co:Cu ratio, which was affected by the cathode
potential. The films had mostly fcc and partly hcp mixed phase. The (111) peak of fcc structure
splits into two as Co(111) and Cu(111). Intensities of the (111) peaks changed with composition
of the film caused by changes in the values of deposition potential. Surface morphology indicated
dendritic growth when they grown at a low potential (-1.0V), while at high cathode potential
value (-1.6V) the detected growth was dominated by a roundish cauliflower shape. It was also
found that the Cu-Co properties change significantly with the cathode potential. A decrease of

deposition potential resulted in an increase of the Cu content in the film. Hence, the magnetic
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properties of the films were affected strongly. Qiu akt [45] in their study on tunable

electrochemical preparation of micro/nanostructured cobalt showed that cobalt can exhibit series
of morphologies, i.e. bumps, flowers and dendrites, when subjected to variations in the applied
crystal growth potential and at the same precursor concentration and temperature of the

electroplating bath.

1.3.2.2. Effect of electrolyte pH

The electrodeposition process is dominated by the dissolution of freshly deposited metal
atoms, formation and adsorption of metals hydroxides and normal electrodeposition of metals. A
lower pH value favours the dissolution of freshly deposited metal and depresses the formation
and adsorption of metal hydroxides. The process is predominated by normal deposition of metal,
resulting in lower Co content in the coatings due to the lowéf €@mcentration in electrolyte.
Nevertheless, a higher pH value favours formation and adsorption of the metal hydroxides and
depresses the dissolution of freshly deposited metal. The process is predominated by the second
factor, the preferential adsorption of cobalt hydroxides, results in higher cobalt content in the
coatings [46]. At lower pH value, higher'Honcentration favours the evolution of hydrogen
(HER) and more current is consumed on hydrogen reduction, resulting in the lower current
efficiency. However, when the pH is high, lowef Eoncentration depresses HER and less
current is consumed, leading to a higher current efficiency.

It has been reported by Mentar [47] that electrochemical deposition from a bath at pH
more than 2.9 results mainly in hcp-Co. However, in the literature the formation of fcc-Co phase
by electrodepositon route at room temperature is due to the presence of co-discharge and
dissolved hydrogen distorting the hcp lattice to an extent that is finally transformed to the fcc
structure. Moreover, it has been shown that when the electrolyte has a pH value about 3, and the
stirring of electrolyte is absent, the fcc structure is favoured. According to the work of &ilan et
[48], at lower pH value (2.0 and 3.1) atomic hydrogen and hydroxides dominate in the coatings.
At higher pH value (4.3 and 5.4) the influence of hydrogen and hydroxides become less apparent
and the visible dark circle holes appearing at the surface at low pH nearly disappear.
Simultaneously, the deposition ratio becomes larger with the increase of pH. The higher
deposition ratio causes a situation where there is not enough time for internal stress release and

cracking of coating may occur [49]. The coatings tend to be more compact with the increase of
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pH value because of the weaking of hydrogen evolution at higher pH. Alpér[80] made a
comparison between electrodeposited Ni-Cu alloys at low and high pH levels, deposited on the Ti
substrates. Their results indicated that the texture formation of Ni-Cu films changed depending
on the electrolyte pH. The X-ray diffraction data showed that the (100) texture of fcc structure in
the films grown at high pH (3.3) develops preferentially, while for the films deposited at low pH
(2.0) the crystal planes are randomly oriented as in a powder pattern of bulk Ni (or Cu). It has
also been reported elsewhere (Mizushimalef51]), that the electrolyte pH hardly affects the
crystallographic structure of Ni-Cu alloy films, which were deposited on Cu substrate with the
presence of some complexing agents.

The surface morphology of deposited films is also significantly affected by the electrolyte
pH [50]. Films deposited at high pH were characterized by rougher surface consisted of larger
crystallites, compared to those grown at low pH. The change of surface morphology with the
electrolyte pH may be explained by hydrogen evolution that occurrs at the cathode surface.
Fenineche eal. [52] studied the effect of chloride bath plating conditions on the microstructure
of Co-Ni deposits. They noticed that the quality of Co-Ni deposits depends markedly on the pH
of electrolytic bath. A study of the variation of surface morphology with pH revealed that low pH
values (1-3) tend to favour the formation of smooth bright deposits. However, medium pH values
(3-4) tend to enhance the rate of nucleation, resulting in a higher cathode current efficiency.
Hardness values also tend to decline when the pH is increased. At low pH, the cathode current
efficiency is limited by hydrogen evolution on cathode, but at higher pH it seems to be a
tendency for basic insoluble hydroxides to be incorporated in the deposit, leading to imperfect
deposits. The observed differences in the behaviour of deposited films may be due to the bath
type and/or the used substrates [53,54]. However, the textured structure of films electrodeposited
on several polycrystalline substrates, is known to evolve depending on deposition conditions,
such as the electrolyte composition, pH, deposition potential and additives. The changes in
texture degrees of deposited films from the electrolytes based on Ni has been usually attributed to
the presence of inhibiting species, such as hydrogen and nickel hydroxide [55,56]. This may lead

to the formation of different dendrites as well as affecting strongly the magnetic properties.
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1.3.2.3. Effect of temperature

An effective control of the deposition process by operating temperature is vital for the
consistent performance of any deposition bath. Deviation of more fi@rfrdm optimum
temperature is sufficient to harm deposit quality, deposition rate and other properties. Electrolytic
bath can usually be formulated and can operate satisfactorily at any given temperature within a
relatively wide range, 2C to 80C [43,57-59].

Santos etal. [57] investigated the effect of temperature on the Co electrodeposition
mechanism in sulphate solutions containing boric acid during potentiostatic depositions, using the
Electrochemical Quartz Crystal Microbalance technique (EQCM). From the analyses of profile of
voltammograms they pointed out that (i) the overpotential of cobalt deposition in the experiment
carried out at 4& was smaller that one at 25 (ii) the mass-potential curves showed an
increase in the deposited mass over the working electrode for the measurements performed at
48°C, (iii) the total deposited mass on electrode was dissolved and (iv) the dissolution current
peak related to the rich hydrogen phase was more evident in the electrodeposition carried out at
48°C. A local increase of the temperature in electrode surface may strongly affect the adsorption
rate of intermediate species and change the cobalt deposition efficiency. As a result, the proton
reduction rate will increase favouring the formation of hydroxilate species due to the OH
formation. Also Elsherief [58], who studied the effect of temperature upon cobalt electrowinning
from sulfate solutions, has shown that temperature has an effect on the cobalt deposition and
dissolution reaction. Increasing the electrolyte temperature appeared to enhance the deposition
reaction. However, it was found that the hydrogen evolution reaction occurs more readily at
higher temperature [59]. The increase in temperature was also found to affect cathodic cobalt
deposition more than the cobalt concentration of the electrolyte [60].

The performed experiments at different values of electrolyte temperatures have been also
shown to cause some structural changes. Zhab pt3] observed a decreasing intensity of the
(0002) reflection for the temperature of’60and the appearance of (0001)-hcp line a60°C,
which were the main effects induced by deposition temperature during nanostructured cobalt
electrodeposition. These observations in particular point to a destabilizing effect of a high
deposition temperature on the (0001)-hcp texture growth of cobalt, possibly related to stronger
inhibition at the surface due to the enhanced precipitation of cobalt hydroxide at higher
temperatures. Another observation was noticed on the morphology modifications, where the
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deposition temperature caused a progressive change from a mixed globular-faceted growth at
30°C, to a fully developed pyramidal growth at’60and finally, at 78C, to the formation of
polyhedral isolated large crystals. This modification was accompanied by a coarsening of the
grain structure, which was probably caused by the reduction of nucleation intensity with raising
bath temperature. Feninecheaét[52] studied the effect of electrodeposition parameters on the
microstructure and mechanical properties of Co-Ni alloys. They observed a decrease in cathode
current efficiency and hardness with increasing temperature. For the lower temperatures, deposits

were bright and smooth, while at higher temperatures (ovV&)40ey were blackish.

1.3.2.4. Effect of electrolyte additives

Additives in galvanotechnology belong to a large variety of compounds. They can be salts
with as simple anion as chloride ion, organic compounds with some heteroatom like S or N,
aromatic compounds, complex-forming molecules with chelating capability, soluble polymers
with polar groups and so on. Besides their chemical variety, the common features of these bath
components are that (i) they bear one or several non-bonding electron pair(s) which (i) can
interact with either the electrode surface or metal ions in the solution. Therefore (iii) they are
capable of substantially modifying the reaction kinetics and hence leading to a desired deposit
property. Moreover, the impact of an additive is usually not universal in the sense that an additive
with favourable influence on the deposition of a particular metal might be even harmful to the
deposition of another metal.

It is clear that additives adsorb at the electrode surface during electrodeposition process
and as such, they can modify the thermodynamics of nucleation process and grain boundary
formation. As a result, the grain structure and level of stress in the deposit could be changed. It is
also known that additives incorporate into magnetic films in the form of a low surface energy
phase, such as sulfur related inclusions, molecular fragments or S- and C-containing intermetallic
compounds [61-63]. They are segregated at the grain boundaries, affecting their specific energy
or acting as stress relievers during the grain zipping process. Other additives used in
galvanotechnology are classified as stress relievers, levelers and brighteners. These additives are
usually applied in a very little concentration (a few millimol/liter as a maximum), as opposed to
the metal salts and the complexing agents. They have a fundamental impact on the properties of

deposits. The additives are used for regulating the residual internal stress, hardness, tensile stress,
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corrosion resistance and the smoothness and brightness of the surface [64]. The followed sections
include the description of two additives, usually added to the electrolytic solutions, which have

been also used in this work.

[.3.2.4.1. Boric acid

It is known that during electrodeposition process pH changes near the electrode surface
are possible, especially when the process is carried out from the simple bath. To avoid this
situation it is common to add boric acid;B®Ds) in the electrolyte to inhibit the formation of

hydroxide species [65-68]. The protons released from the aqueous solution of boric acid
H, O+ H,BQ, - B(OH), +H" (10)

in the cathodic diffusion layer, reacts with the hydroxide ions to form water. As a result, more
energy is required for the reduction of water, thereby shifting its potential to more negative
values. Thus, the use of boric acid offsets the increase in pH associated with the onset of water
electrolysis. Hence, the deposition can be accomplished without interference from hydrogen
evolution [66]. This specificity of boric acid may be the primarily responsible for the growth of
dendrites. It acts also as a brightening agent and as a cathode polarizer for electrodeposition. The
silent features of boric acid include:

M pH buffering agent [69],

(i) catalyst for deposition [70],

(i) suppresser for hydrogen evolution [70]

(iv)  accelerator for the growth of deposits [71].

Unfortunately, the real function of this additive in electrodeposition is yet a matter of controversy
and a lot of propositions have been done.

Most of the authors proposed that the boric acid acts mainly as a buffer agent. This effect
is thought to be a dynamic process occurring during hydrogen evolution reaction. Consequently,
the dissociation kinetics of buffer must be fast enough to supply protons during molecules
discharge occurring at the electrode surface. Horkans [72] concluded that the dissociation of
HSO, as well as EBOs is so slow that the overall buffer contribution is ineffective during HER
in sulphate electrolyte. However, it was suggested that this additive may act as a homogeneous
catalyst, which decreases the metal electrodeposition overpotential. Moreover, Yin and Lin [70]
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proposed that boric acid works as a selective membrane inhibiting movement of the ions during
diffusion-controlled process at the electrode.

Despite all mechanism propositions for Co electrodeposition, Santosl. §67]
investigated the effect of temperature on the Co electrodeposition mechanism with a presence of
boric acid in the solution. The results indicated that the boric acid remains effective after the
experiment performed at 48, in which the additive was ineffective. The explanation of this
behaviour was followed by the observations made by Jeffray. €] and Elsherief [58] who
proposed that HER contribution is intense in experiments carried out at high temperatures. If the
hydrogen evolution reaction is more effective alGi&he formation of OHions must be larger
than in the case of experiment carried out 4€2Fhe results showed that only metallic Co was
deposited at Z&, whereas a large amount of Co(QMjas detected at 48. If considered the
kinetics of boric acid dissociation, it can be proposed that this dissociation is the rate-determining
step during HER. In this case, the dissociation rate is not fast enough to provide the increase of
concentration of OHat the surface of electrode for the experiments performed°@t Z8ese
results suggested that, under chosen condition, the buffer contribution of boric acid is not
effective in the electrodeposition process at high temperature.

Vazquez-Arenas etfal. [73] have investigated the effect of boric acid on the
electrodepsition of Co-Ni alloy coatings. Boric acid has been shown to play a strong role and
have a different effect on Co-Ni deposition that has been reported in some previous studies on
iron-group alloys. They found that its presence had a little influence on coating composition
whenever a significant amount of deposition occurred. However, the same cannot be said for the
effect of boric acid on the current efficiency. In the absence of boric acid, the current efficiency
never rose above 60% and the drop-off to near zero values occurred at relatively low current
densities. On the other hand, in the presence of boric acid much higher current efficiencies were
achieved over wide range current densities. Thus, for the conditions of this study, alloy
deposition was not effectively possible, when boric acid was absent. Further analysis of the
results suggested that some differences in the structure of film and dynamics of its formation

occur, depending on whether it occurs in the presence or absence of boric acid.
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[.3.2.4.2. Saccharin

Saccharin is one of the well known additive that influences the electrode kinetics during
electrodeposition, producing levelled bright deposits. The HER is strongly inhibited in presence
of saccharin. Current density is reduced, when sodium saccharin is added to the electrolyte
indicating that in the presence of this organic additive the electrodeposition kinetics is reduced.
The relationship between the molecular structure of saccharin and its action on the
electrodeposition process is not completely clarified. This kinetic reduction has been related to
the surface coverage by molecules, reducing the active area for the deposition process [74,75].
On the other hand, a complexation process may also be involved, as saccharin is known to form a
complex with cobalt [76] and therefore may slow down Co ion diffusion. The addition of
saccharin promotes morphological changes. By adding saccharin to the electrolyte, the nuclei size
decrease and the silicon surface becomes more covered by the Co deposit. Visually it is possible
to see that the increase of saccharin concentration promotes brighter deposits and adherence is
also increased. In the work of Manhaboscalef77] it was found that the deposits obtained
from the electrolyte without saccharin presented two phases, hcp and fcc. In the deposits obtained
from the electrolyte with saccharin only presence of hcp phase was identified. Lallenand et
[75] also found that in the absence of additives, cobalt-rich Co-Fe films present both hcp and fcc
phases. In the presence of saccharin they also reported the presence of only a single phase. This
difference can be related to the substrate, bath and film composition as well as electrochemical
parameters.

Moreover, the authors [77] noticed that the magnetic properties were also affected by this
additive. The remanent magnetization and coercive field rise as the saccharin concentration
increased and the nuclei size become smaller. The addition of saccharin brings about a reduction
of the Co content, i.e. the saccharin addition facilitates the deposition of Ni and hinders that of Co
[78]. In the case of Cu-Co heterogeneous alloys electrodeposited from complexed citrate bath by
pulse current electrolysis, reported in work of Ghosal.gf79], an addition of saccharin within
the electrolyte enhanced a phase segregation tendency, resulting in more evenly distributed two-
phase microstructure. Brankovic ak [80] investigated the effect of saccharin as a stress
reducing additive in electrodeposition process of Co-Fe alloy films. The saccharin adsorption on

the growing Co-Fe surface effectively change the driving force for Co-Fe grain zipping process
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and consequently it changed the maximum level of stress in the film. This was possible by a
control of saccharin coverage of the film surface.

In some cases, the hardening effect by saccharin addition is observed. This is
understandable, when the grain refinement effect is taken into account. It is clear that the strength
and hardness of a metallic material significantly increase with the grain size decreasing [74].

Increase in saccharin content leads to hardness decline of the Ni-Co alloy.

1.3.3. Co-electrodeposition with less noble metal

The Co-electrodeposition with less noble metal is described in term of anomalous co-
deposition and refers to the preferential deposition of less noble metal rather than the more noble
one. The phenomenon of anomalous co-deposition has been reported mainly in co-deposition
process of iron-group metals, such as Co, Ni, Fe, and it can be attributed to the three factors:

M dissolution of freshly deposited metal atoms on the substrate because of acid

circumstances in the electrolyte,

(i) formation and adsorption of metal hydroxides on the electrode surface,

(i) normal electrodeposition of metals.

The effect of the second factor is more important, because the normal co-deposition always exists
and the dissolution of freshly deposited metal atoms is less apparent at low pH [48].

The well known example of anomalous co-deposition process is the electrodeposition of
Co-Ni alloys, where Co as a less noble metal is preferentially deposited [81,82]. In different
studies, the anomalous Co-Ni deposition was explained by several mechanisms: an increase of
pH near the deposit-electrolyte interface during HER and therefore, precipitation of the cobalt
hydroxide at the surface, or two-step mechanism containing the adsorption of a monovalent
intermediate and its reduction to the elemental state, competitive adsorption of electroactive
species, underpotential deposition and fast kinetics of cobalt species under diffusion control [81-
99]. In the case of Co-Ni system, when the pH value exceeds the critical value for forming metal
hydroxide, both Co and Ni hydroxides may be formed. The anomalous co-deposition occurs
because of the preferential adsorption of cobalt hydroxides. When pH value remains below the
critical value, C&" and Nf* ions exist as the form of CoOtnd NiOH [49]. It is believed that

both the monohyroxides and hydroxides of Co are favored in aqueous solution [100].
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A model that more comprehensively captures the phenomena occurring during co-
deposition of iron-group metals was presented by Zeet. §101,102]. The authors compared
the measured partial current densities for metal co-deposition during an alloy formation with
deposition of the single metal alone. Their results demonstrated that not only the Ni deposition is
inhibited in the presence of ¥eor Cd* ions during alloy formation, but also the deposition of
less noble metal, i.e. Fe or Co, is accelerated whéhidiis are presented in the solution. The
inhibiting effect is generally stronger when the reaction rate of the less noble metal is kinetically
controlled and diminished as the limiting current is reached. In view of these findings, Aéch et
proposed a model considering the acceleration of co-deposition of the less noble component and
inhibition of the more noble one. The model accounts for three parallel reactions occurring in
one-electron transfer step: reduction of the more noble (Egs. (11) and (12)) and less noble
component (Egs. (13) and (14)) by independent reactions and catalytic-inhibiting reduction

reactions, in which two components interact with each other (Egs. (15) and (16)).

Ni(l)+e™ = Ni(l)ue (11)
Ni(1),ic +€ - Ni° (12)
Co(ll)+€ - CO(l) e (13)
Cq ) o + € - CO° (14)
Ni(ll)+Co(ll) +e~ - NiCo(lll ) 4 (15)
NiCo(lll) ., +€& - Co® +Ni(ll) (16)

Reactions (15) and (16) can be considered to be catalytic for Co(ll) reduction in that they provide
another pathway to deposit cobalt, but are inhibited toward nickel deposition in that the
participating Ni(ll) is never reduced and the NiCogldadsorbed intermediate can block sites
otherwise available to Ni¢)sand Co(l)gs This model also considers side reaction due'tar

water reduction via two-electron transfer steps and mass-transport by diffusion. To date, this is
the most comprehensive analysis of anomalous behaviour. However, as stressed by these authors,
some gaps particularly with regard to the quantitative prediction of an alloy composition exist in
this model. One of these aspects is associated with a role played by HER in co-deposition of

metals.
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1.3.3.1. Hydrogen evolution reaction (HER)

It is accepted that HER involves the formation of an adsorbed speciesadsendt
considered in the model of Zechat[101,102]:

H"+e - H a7

ads
2H,. - H, (18)

Hagscan block active sites at the surface of electrode, otherwise occupied RQys NB@]I).qsand

NiCo(lll) agsspecies. Given the importance of competition between the different adsorbed species,
this interaction may be significant and consequently its effect should be considered. Reaction
(17) tends to increase the pH at the electrode/solution interface and can eventually become
limited by mass transfer, particularly when carried out at higher overpotentials. These conditions

lead to a third cathodic reaction in which water itself is reduced:
H,O+e - H_, +OH" (29)

In addition, the buffering effect of boric acid, which is commonly added to iron-group metal
baths, needs to be also considered. In single metal deposition of cobalt and nickel, this effect has
been found to be very important, since the calculated surface pH is significantly affected by
whether or not they are included. Since a similar situation should also exist during the co-
deposition of Co-Ni alloys, this phenomenon should be included in the model. Also, since most
of the deposition studies have been conducted using a rotating disk electrode, convective mass
transport becomes important and should also be considered. Other important limitations in these
previous studies were that the models were not statistically fit to the experimental data and not
used to predict the alloy compositions or current efficiencies at different bath compositions. This
incorporation of many or all of these phenomena into a model for Co-Ni alloy deposition would
represent a significant advance over previous ones and presumably provide better insight into the
behaviour of electrodeposited system.

A steady state model for Co-Ni alloy deposition applicable to polarization experiments
was developed by Vazquez-Arenas and Pritzker [103]. By this, it was possible to fit the
measurements obtained at differenf'MGc?* ion concentration ratios into the model in order to
evaluate the kinetic parameters for proposed by Zeeth €101,102] reaction mechanism and

diffusion coefficients of the dissolved species. The model can predict the alloy composition and
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current efficiency at different bath compositions extremely well on the basis of these parameters.
In addition, it can be used to determine the total current densities, partial current densities of Ni
deposition, Co deposition and hydrogen evolution reaction, as well as current efficiency for metal
deposition. Further analysis of the model revealed that very little mixed intermediate Nigo(lIl)
species form at the surface of electrode during alloy co-deposition and that the presence of these
species is not required to explain the anomalous behaviour of this system, contrary to the
proposed mechanism of ZechaétThe model also revealed that the preferential surface coverage

of Co(l)agsover that of Ni(l}as Species is not required in order to accurately model the anomalous
behaviour of Co-Ni system. Instead, the model indicates that the main factor accounting for
anomalous Co-Ni electrodeposition is the much faster charge transfer of Co(ll) reduction

compared to that of Ni(ll) reduction.

1.3.3.2. Microstructure dependence

The electrodeposited Co-Ni alloys present a Co/Ni ratio considerably higher than in the
bath. Thus, the composition of coatings strongly affects the morphology, what has been shown by
Lupi etal. [104]. For the used electrodeposition conditions the cobalt content in alloy increase
(up to approximately 40%), inducing the formation and growth of globular crystallites. When Co
content was very low (quasi-nickel alloy) the hydrogen evolution became higher and thus, the
local pH increased, allowing for a growth of (111) preferential orientation and formation of an
acicular morphology. Results of [66,104] revealed the co-existence of hexagonal (hcp) and cubic
(fcc) phases, which were observed in the literature either for pure cobalt and cobalt rich Ni-Co
electrodeposits [83,105]. The presence of both phases in pure Co deposits is generally attributed
to the small difference between the free energies of hexagonal and cubic cobalt structures [105].
In alloy containing less than 70wt.% of cobalt the cubic phase is favourite [106], as the Co atoms
are substituted by Ni atoms and the preferred structure of fcc Ni leads to the alloy cubic structure.
The different textures can be probably associated with the electrodeposition parameters, such as
current density, solution pH, metal concentration, additive elements and their concentration.
Moreover, the co-deposition of hydrogen can be associated with the presence of stacking faults
and twins in alloy films with hcp and fcc structures [107], affecting the growth rate of a crystal

face.
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1.3.4. Co-electrodeposition with more noble metal

The other example of anomalous co-deposition behaviour is an electrodeposition of cobalt
with more noble metals, such as Cu. Principally, the deposition of more noble metal can be
carried out either by the current or by potential control. Regarding the concentration ratio of a salt
of more noble metal to other ionic components, one can say that diffusion is the major mass
transport process of more noble metal ions and migration is negligible. By applying a current
control for the deposition of non-magnetic metal, e.g. copper, the actual diffusion layer thickness
will be higher than the nominal one, i.e. that calculated from Faraday’s law. This is because the
leftover ions of more noble metal, i.e. those not discharged by the fixed current, can oxidize less
noble metal deposited previously. In fact, it is very difficult to maintain accurately the diffusion
limited current density by current control. Small concentration fluctuations can lead to either the
exchange reaction or the incorporation of magnetic metal into non-magnetic layer. Both
processes are undesirable. For this reason, potential control can rather be recommended for the
deposition of non-magnetic layers. In the case of potentiostatic deposition of the non-magnetic
layer, potential can be selected so that dissolution of the previously deposited magnetic layer does
not occur. In the simplest approximation, the deposition of non-magnetic metal should be
performed at the rest potential of less noble metal, as measured in an electrolyte void of the ions
of more noble metal. Since the standard potential differences between the common magnetic and
non-magnetic metals is quite large (several hundred of minivolts), the deposition of more noble
metal surely takes place in the diffusion-limited current density regime. The situation can be
more complex if the magnetic layer consists of several magnetic metals. In this case, all
constituents have different dissolution potential and whichever conditions are applied for the
deposition of more noble metal the partial dissolution of the magnetic layer is practically
unavoidable. The good strategy in this case, is the minimization of loss of magnetic layer by
analyzing the current transients. The simplest guideline is that the deposition potential of more
noble metal has to be close to the dissolution potential of the main component of magnetic layer
[108].

1.3.4.1. Displacement reactions
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Peter etal. [109] has shown that Zn in Co-Cu-Zn/Cu multilayers obtained in the high-
current pulse deposition induces an anomalous co-deposition in presence of Cu. The anomality of
deposition can be clearly observed even if the deposit contains 50at% Cu. The composition
change with the current density of Cu deposition can be explained by the consideration of both
deposition and displacement reactions. If the magnetic layer contains both Co and Zn, two

displacement reactions can be formulated as follow:
Cot CU#*" = Co™ +Cu (20)
Zn CU* = Zn** +Cu (21)

The reaction stops when the cathode surface becomes completely covered by more noble metal.
The driving force of Zn displacement is higher than that of Co, since the standard potential of Zn

is lower that the standard potential of Co. However, the composition data of [109] showed that
Zn content in the sample remains almost constant, while Co is displaced. Zinc can only be
displaced when the time for displacement is high enough and when all Co has already been
displaced by Cu. The reason why Co is displaced first is that Zn is deposited selectively at the
early stages of high-current pulse, then it is followed by Co deposition wiéipAs content of

the electrolyte around the substrate is depleted. Hence, the selective Co displacement is caused by

the anomalous nature of displacement reaction.

1.3.4.2. Underpotential deposition

The feature of reaction mechanism that results in anomalous co-deposition has not been
well agreed. Some authors consider a catalytic mechanism in which the intermediate contains two
different metallic atoms, but finally less noble metal atom is reduced only [110]. For this type of
mechanism, the existence of thermodynamic driving force of the reaction is doubtful. Another
assumption is that the ions of less noble element are adsorbed at the cathode and adsorbate is
reduced, giving rise to the growth of no more than a monolayer (underpotential deposition
(UPD)). The more noble metal can be deposited again onto less noble one; hence the entire
process can be referred to an accumulative underpotential deposition [111]. Permitting that the
origin of anomalous co-deposition may be UPD, it must be emphasized that the diagnostic
criteria of UPD have never been observed for any metal pair exhibiting anomalous co-deposition.

Namely, there is no information on whether:
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0] the ions of less noble metal can form a monoatomic layer at the surface of more
noble metal,

(i) the oxidation of UPD layer of less noble metal takes place at the same potential
at which it can form.

1.4. Electrodeposition under superimposed magnetic field

Electrodeposition is an effective and efficient method to produce cobalt and cobalt-based
alloys. Unfortunately, the thin cobalt-based films formed using this traditional technique contains
some defects, such as rough surface, high air hole rate, etc.. According to this, a number of
researchers have investigated the effects of superimposed magnetic fields on the electrochemical
behaviour of deposited films. An imposition of magnetic field is another degree of reaction
freedom, which may provide promising technique to uniquely control the surface microstructure,
and in consequence the film’s properties. Magnetic fields applied during the deposition may
result in a textured film structure [112-114], affect its phase composition [115] and reduce an
internal stress of the layers [116,117]. The morphology of obtained structures is the most affected
[116,118-122]. It was observed during deposition of Fe [122] and Co [123], that a
superimposition of magnetic field parallel to the electrode surface, where the Lorentz force is
maximal, led to better quality deposited layers, i.e. lower roughness, they are more compact and
grains are smaller. Those results suggest that the amount of organic additives in the electrolyte
might be reduced by a superimposition of magnetic field. Therefore, the contamination of
deposited layers with these compounds would be suppressed. Currently, the effects of
homogeneous magnetic fields on electrochemical processes are widely understood, and the
effects of heterogeneous magnetic fields on electrochemical processes got into focus. This
interest is based on the fact that non-homogeneous magnetic fields are of higher interest from an
application point of view, as high performance permanent magnets are cheap and easily available
today.
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1.4.1. Magnetic forces generated in the electrolyte

In the absence of magnetic field the mass transport factors, which can control the
electrode process are diffusion, ionic migration and convection (natural and forced) [124]. For
magneto-electrochemical processing, due to a superimposition of an external magnetic field the
electrochemical systems receives various forces, such as paramagnetic oreldFgradient
force (F), Lorentz force (B, electrokinetic force @ and magnetic damping forcep(f-which
can become prominent in an electrode reaction and all forces have units of force per unit volume
(N'm3).

Three types of forces which depend on the interaction of current or movement of ions
with the magnetic field are Lorentz force, electrokinetic force and the magnetic damping force,
while the other two depend on properties of the ions in a magnetic field [125]. The Lorentz force
arises from the interaction of a moving electric charge and a magnetic field. When it moves in a

magnetic field, an electrically charged particle receives a Lorentz force F
R =quxB (22)

whereq is the electrical charge of a particlas the velocity of the particle, afslis the magnetic

flux density. It induces a torque on particle in the plane perpendicuBaanal induces rotational
motion. The direction of torque is reversed, when the directi@dhisfreversed. In solution, ions

and charged particles cannot move alone due to the collision with solvent and other solutes. As a
result, the Lorentz force induces convection of the solution. The mechanism is called the
magnetohydrodynamics (MHD) mechanism. It is important in not only electrochemical reactions,
where electric current moves in solution, but also in processes in solution, where ions move to a
specific reaction zone such as the solid/liquid interface. Generally speaking, the speed of
convection induced by the Lorentz force in an electrochemical reaction can be estimated from the

following equation:

6_u+(uDD)u :_(ljmlu v2u +(1ji><8 (23)
ot P )

whereu is the velocity of solutiort,is the time is the density of solutiorR is the pressure,is

the dynamic viscosity of solutionjs the electric current ari8lis the magnetic flux density. The
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solution of this equation depends on the experimental conditions. MHD-induced convection is
quite fast and very significantly affects transportation from bulk solution to a reaction zone [126].
Electrokinetic force, proposed by Olivieradt [127] and Chopart etl. [128]:

o, E
Fo=—d (24)
E 50

is from the effects of Lorentz force on the charge density in a diffuse layer, which gives rise to a
non-electrostatic field parallel to the working electrode surface, which induces motion of the

solution near the interfacer, is the charge density in the diffuse layEy,is the induced non-

electrostatic field and, is the diffusion layer thickness.

The magnetic damping force results from the damping of the flow of ions,
F, =ovxBxB (25)

where vx B is the electrostatic force from the interaction between current and magnetic field,
and o is the solution conductivity.

A still controversially discussed force is the paramagnetic force, presented by O’Brien
and Santhanam [129,130], Waskaas and Kharkats [131,132], Bahd¥83] and Rabah el.
[134]:

2

Fo = Xo ZB e (26)

0
It is caused by the difference of paramagnetic susceptibility, which arises from the concentration
gradient of paramagnetic ions in the diffusion layer. It is expected to balance the concentration of
paramagnetic ions in a homogeneous magnetic field and thus, is directed towards higher
concentration gradients and points the same direction as diffusion [129,135]. This force has a
short range and thus acts only near the electrode surface. However, some authors pointed out that
this force, if it exists at all, will not show an influence on electrochemical processes
[124,136,137].

The field gradient force, discussed widely by Uhlemann and co-workers [138-142]

cBOB

Fe =X
° Ho

(27)
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whereB is the magnetic field strengtbjs concentration[IB is the magnetic field gradient]c

is the concentration gradient ang, is the permeability of free space, arises from the non-

uniformity of the magnetic field or is induced by ferromagnetic substrates and can sufficiently

influence the transport of paramagnetic or diamagnetic active species. This force can be effective

in the whole volume as well as close to the electrode surface for ferromagnetic substrates.
Thematically, the two forcefp and Fg depend on magnetic momerd) (and molar

susceptibility (r,,) of elements, which are related to the number of unpaired valence electrons.

The field gradient force and paramagnetic force depend on the magnetic susceptibility of the
atoms or ions. From elementary theory of magnetochemistry, the magnetic susceptibility can be
expressed as

Ny 1t
= 28
X 3BT (28)
whereN is the number of molecules per unit volunagjs the magnetic permeability of vacuum,
Mis the magnetic moment of the an atom or iBpjs the Boltzmann constant afidis the

absolute temperature. The molar susceptibility for paramagnefi( and diamagneticX,,(0)

materials is maximum, if the applied magnetic field is perpendicular to the current density and
vice versa [125].

1.4.2. Magnetic forces and convection

Since the magnetic field effect on electrodeposition has been discovered, many
researchers started to investigate its action on different metal systems due to the changes in
electrochemical behaviour as well as in the structure and morphology. Yl ¢t43]
investigated the influence of magnetic fields on the electroless deposition of Co-W-P films from
an alkali-metal-free bath. They have shown that the field gradient force induces the convection
effect during deposition to affect the mass transfer, which results in the improvement of a
reaction speed. Tschulik at. [139,140] demonstrated that structuring process cannot be due to
the action of Lorentz force only, but requires a remarkable effect of the field gradient force
during deposition of Cu in pattered magnetic gradient force. It was found that with increasing

CU?* concentration the intensity of structuring effect diminishes. This observation was explained
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by the field gradient force induced convection, which depends on the concentration gradient
established during the Cu deposition. Grantlet{144] and Pullins etl. [145] showed that
uniform magnetic fields acted at the microelectrode surface in order to induce rotational flow of
the electrolyte, causes either an increase or a decrease in the limiting currents, depending solely
on the size of electrode. For inlaid disk electrodes with radii less thapm,Othe magnetic field
driven flow results in a decrease of the transport limited current as a consequence of rotational
solution flow adjacent to the surface, preventing gravity-driven natural convection. Similar
increase in the limiting current due to the act of a magnetic field was observed by Motoyama et
al. [146] and Bund etl. [133]. The magnitude of different magnetically induced forces and
influence on a fluid motion were estimated by Hindalef124]. Recently, Sugiyama at. [147]
have visualized and quantitatively examined that heterogeneous convection takes place on
microdisk electrodes in non-uniform vertical magnetic fields. It has been concluded that the
current density is controlled by magnetoconvection and is proportional to the power of one third
of the magnetic flux density and its gradient as well as of the gradient of magnetic susceptibility.
With increasing radius of the disk electrode the diffusion current is increasingly determined by
MHD convection, inducing rotating and magnetic susceptibilities respectively, and gradients of
magnetic flux density. Both phenomena, magnetoconvection and MHD effect, overlap and have
to be taken into account.

Krause etl. [148] in the investigation on influence of magnetic force on the deposition of
Co, Ni and Cu, showed that the electrodeposition in magnetic fields is not exceptionally
influenced by the MHD effect in the hydrodynamic layer, but also by micro-magneto convection
phenomena inside the diffusion layer (MMC effect). The latter is driven by gradient forces and
especially by the paramagnetic force. However, among all the magnetic forces the Lorentz force
is generally predominant in the electrochemical reactions, so that the effects induced by Loretnz
force, magnetohydrodynamic (MHD) and micro-MHD effects have been studied from the

beginning Annex 1).
1.4.3. Magnetic field and microstructure formation

A magnetic field remarkably influences the microstructural properties [120,149-151]. In
the works of Matsushima ai. [152-154] the microstructural variation of electrodeposited iron

films has been investigated under the MHD flow conditions. The surface morphology changes

55



into roundish and finer precipitates depending on the direction of a magnetic field. The texture
formations drastically changed from uniaxial to biaxial grow by the convection, which probably
influenced the surface pH value. The experimental results of Kozal e{155] on
electrodeposited Co-Fe alloy films showed that there is no influence of the magnetic field neither
on structure nor on texture of deposited layer. However, the internal stress state of the deposits
has been affected by the external magnetic field in the way that it decreased, when the deposition
was carried out under magnetic field conditions. This is valid for the thin layer films
investigation, but it has to be stressed that the texture development may required thicker layers to
introduce a significant changes. From the quality point of view, a parallel-to-electrode magnetic
field applied during the deposition results in a very homogeneous and compact layer. The
obtained deposits exhibit a finer grain structure and, except for the buffered electrolytes, where
the influence of a magnetic field is not so significant, a reduced roughness is obtained, when
compared to those deposited without a magnetic field.

A number of research groups have investigated the effects of magnetic fields during the
electrodeposition process. They have reported that the surface morphology
[104,121,151,156,157] and the crystal structure [146,154,158-160] of deposits are considerably
changed in the presence of magnetic field. These phenomena are explained by the MHD
convection, which enhances mass transport of ionic species, thus changing the electrode
interfacial conditions, such as the surface pH and ionic adsorption [161]. On the other hand, there
are only few papers [153,162,163], which investigated the initial stage of electrocrystallization,
such as nucleation and underpotential deposition processes in the magnetic field, because the
general tent is that the chief magnetic field effects are related to MHD convection and that
molecular processes are hardly affected [135,164-166]. For instance, it has been shown by Ispas
et al. [167], by analysis of thé&lt) transients obtained during potentiostatic deposition of Ni
without and with a magnetic field, that the steady state nucleation rate has been increased by a
magnetic field applied parallel-to-electrode configuration resulting in finer grain structure of the
deposit. Daltin etal. [168-170] studied the influence of an external magnetic field on the
electrocrystallization of G and they have also found a convective impact on the nucleation
and the early stages of layer growth.
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Chapter 11

Experimental study
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I1.1. Introduction

Chapter Il is related to the experimental investigations of electrodeposited cobalt and Co-
based alloy films. The involved here Co-based systems are: binary Co-Ni and Co-Cu alloys and

ternary Co-Ni-Cu alloy. The main objectives of this chapter are focused on the following points:

(1) optimization of the electrochemical parameters, based on the investigations on Co and

Co-Ni alloy.

This point is related to the electrochemical deposition process and determination of its
experimental conditions. Thus, in the first order the electrolyte pH has been investigated by the
electrodeposition of cobalt single layer and Co-Ni alloy film. The considered pH levels are
ascribed to low and high values, i.e. 2.7 and 4.7, respectively. Secondly, the type of to-be-
deposited substrate is determined. The considered substrates types are: titanium (Ti), tin indium
oxide (ITO) covered by Ni seed-layer and pure ITO. Since one of the purposes of this study is to
obtain nanocrystalline films, the deposition time is examined as well. These experimental
parameters are studied in order to determine their influence on structure and morphology of the

obtained films.

(2) effect of an external magnetic field, primarily on the structure and morphology of Co,
Co-Ni, Co-Cu and Co-Ni-Cu alloys, and additionally on the electrochemical aspect of

deposition process.

This part is focused on the effects of an external magnetic field on the microstructure of
electrodeposited films. First of all, the effect of low (up to 1T) magnetic field on the
electrodeposition processes of Co and Co-Ni alloy films is studied. Next, the considerations are
enlarged to investigations of the effects of high magnetic field (up to 12T) on the structure
formation of Co-Ni, Co-Cu and Co-Ni-Cu films. Additionally, the effects of magnetic field on
the electrochemical aspect are involved. These investigations are based on the kinetic and
dynamic studies. The kinetic study involves the chronoamperometric examinations as well as

topographical analysis of the growth of Co and Co-Ni films. The dynamic study considers the
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Co-Cu electrodeposition process investigated by means of Electrochemical Impedance

Spectroscopy (EIS).

I1.2. Experimental methodology

The following section considers the experimental conditions of electrochemical
deposition experiments performed according to the thesis subject, as well as the description of
characterization techniques used for the samples analysis.

The conditions of electrodeposition process involve the electrolyte compositions and
parameters of the experimental process, such as pH of the solution, temperature, current density,
deposition time and magnetic field amplitude.

From the electrochemical techniques used during experimental investigation, i.e.
chronopotentiometry, chronoamperometry, voltammetry and electrochemical impedance
spectroscopy (EIS), the chronopotentiometry method is described, as a basic route of film
deposition in the thesis. Other considered methods are wider discussediméd| attached
in the end of this manuscript. Similarly: structural, morphological, compositional and
topographical characterization techniques of the deposit surface, including: X-ray Diffraction
(XRD), Scanning Electron Microscope (SEM), Energy-Dispersive X-ray Spectroscopy (EDS),
Wavelength-Dispersive X-ray Fluorescence (WD-XRF), X-ray Photoelectron Spetroscopy
(XPS), Atomic Force Microscope (AFM), Magnetic Force Microscope (MFM) as well as tools
for magnetic properties measurements: Alternating Gradient-Force Magnetometer (AGFM) and
Vibrating Sample Magnetometer (VSM), are described in the attafatmeek [11.

11.2.1. Electrolyte composition

The electrolytic solutions were the so-called simple electrolytic baths, consisted of cobalt
sulfate, nickel sulfate, copper sulfate, boric acid and in some cases, saccharin. Their chemical
composition and process operating conditions, regarding on the electrodeposited system, are
presented in Table 1. Besides boric acid and saccharin none of the other chemical additives,
which are usually added to avoid the effect of hydrogen evolution on the morphology, have been

used. The solution pH was adjusted to the proper level by an addition of sulfuric acid or sodium
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hydroxide. The volume of used solutions was 128 and the solution temperature was®0

which is a temperature commonly used in the industrial processing.

Table 1. Composition of the electrolytic solutions according to the electrodeposition of different systems
considered in the preliminary study, together with the electrodeposition conditions.

Solution | Current | Deposition Magnetic
System Chemical Concentration | Solution temperature | density time field
agent mol/L pH oc mA/Cm min amp!ll_tude
) 2.7
Co/Ti CosQ 0 0-6 and 50 -20 12 <1
H;BO, 0.4
4.7
CoSQ7H,0 0.4 2.7
Co-Ni/ Ti NiSO, 6H.,O 0.6 and 50 -20 18 <12
H;BO; 0.4 4.7
) NiSO,7H,O 0.6
Ni/ITO HsBOs 04 2.7 30 -10 1|6 0
. CoSQ7H,O 0.6
Co/Ni /ITO HeBO; 0.4 4.7 50 -10 114 <1
CoSQ7H,0 0.4
Co-Ni/NI/ITO NiSO, 6H,O 0.6 4.7 50 -10 1 <12
H;BO3 0.4
CoSQ7H,0 0.3
: NiSO, 6H,O 0.7
Co-Ni/ITO 4 P11 R
H4BO; 0.4 4.7 50 10 1 <12
saccharin 0.015
CuSQ6H,0 0.03
Cu/ITO HaBOs 0.4 4.0 50 -20 5 sec 0
CoSQ7H,0 0.4
Co-Cu/Cu/ITO CuSsQ 6H,0 0.03 4.0 50 -20 1 <12
H;BO, 0.4
CoS(,7H,0 0.01¢
Co-Ni-cu/cu/To | NiSOy 6H,0 0.2 )
CuSQy 6H,0 0.01 4.0 50 20 1 <1
H;BO; 0.4

11.2.2. Electrolytic cell and electrodes

Electrodeposition process has been carried out in a cylindrical double-wall cell with a

conventional three-electrode system, as shown in Fig.5. The electrochemical cell consisted of
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working (WE), reference (AUX) and counter (CE) electrodes. Two types of working elec
(WE) were usd: a titanium disk with an area of 1? embedded in an epoxy resin and g
covered by a thin layer (100 nm) of indium tin oxide (ITO) in the shape of 25x25x1.1 mm ¢
Before each experiment the-electrode was grounded with an emery paper anshed. An
ITO/glass electrode was washer alcohol and installed in a Teflon holder. Th-be-deposited
substrate areas were equal to 2. The counter electrode was made of platinum rectangula

an area of 2.5 chand the reference electrode was a saturated mercury sulphate electroc

Current Potential
flow control

s b 7y
I
M WE M

ce AUX

e

Fig.5. Threeelectrodedouble-wall cell used duringlectrochemical depositic

5

11.2.3. Electrochemical deposition methods

All of the electrochemical investigations wecarried out using the chronopotentiome
method, where the constant current density was applied and controlled by mear
potentiostagalvanostat PGZ 100 Radiometer Analytical and VersaST.

In chronopotentiometry, a current is applied to the vng electrode and its resultil
potential is measured against a reference electrode as a function of time. At the moment
current is first applied, the measured potential is abruptly changed dueiR loss, and after
that it gradually changedgebause concentration overpotential is developed as the concer
of the reactant is exhausted at the electrode surface. If the current is larger than the

current, the required flux for the current cannot be provided by the diffusion procd,
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therefore, the electrode potential rapidly rises until it reaches the electrode potential of the next
available reaction, and so on.

In constant current chronopotentiometry, the constant anodic/cathodic current applied to
the electrode causes the electroactive species to be oxidized/reduced at a constant rate. The
electrode potential accordingly varies with time as the concentration ratio of reactant to product
changes at the electrode surface. This process is sometimes used in titrating the reactant around
the electrode, resulting in a potentiometric titration curve. After the concentration of the reactant
drops to zero at the electrode surface, the reactant might be insufficiently supplied to the surface
to accept all of the electrons being forced by the application of a constant current. The electrode
potential will then sharply change to more anodic/cathodic values. The shape of the curve is

governed by the reversibility of the electrode reaction.

11.2.4. Superimposed magnetic field

For the electrochemical investigations of the effect of external magnetic field the
electrochemical cell was plunged into the gap of electromagnet, which delivers a uniform
magnetic field to the electrode surface. The experiments under magnetic field were carried out in
two laboratories. Low magnetic field (LMF) investigations were conducted in Laboratoire
d’'Ingénierie et Sciences des Matériaux (LIMS, Reims; Drusch EAM 20G electromagnet), where
the generated magnetic field density is up to 1T and the magnetic flux was directed horizontally.
The high magnetic field (HMF) investigations were provided in Laboratoire National des
Champs Magnétiques Intenses (LNCMI) in Grenoble, where the magnetic field is oriented
vertically to the electrode surface and the considered flux density was up to 12T. In both cases,
the parallel orientation of magnetic field to the electrode surface has been used. The schematic

representation of this experimental setup is presented in Figure 6.
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Fig.6. Experimental setups for (a) LMF and (b) HMF investigati

I1.3. Preliminary study - optimization of the electrodeposition parameters

As it was discussed Chapter I, in each electrochemical deposition proces:
determination and optimization of the processing conditions are of a high importance. Bes
effect on electrochemical process the formation and growth of deposit is strongly a
Among many electrodeposition parameters the electrolyte pH was shown as one of tt
important, determining the microstructure of a final dep

Since this work is based on the electrochemical processing-based film formation, i
seems reasonable to investigate firstly the proper process conditions. Thus, the following
plays a role of preliminary study. It is focused on the invesons of electrochemici
parameters, such as electrolyte pt-be-deposited substrate type, deposition time and in the
order, the effect of an external magnetic field is considiThese experimental parame, with
regard on the structure and morlogy of electrodeposited cobalt and-@ofilms, respectively,
are investigated.
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11.3.1. Electrolyte pH

In accordance to investigate the effects of solution pH on structure formation and
morphology of cobalt and Co-Ni alloy films, two values of pH were used: 2.7, assigned as low
pH level, and 4.7 stands for the high one. The effect of solution pH has been determined by the
electrodeposition of Co and Co-Ni films on titanium (Ti) substrate. The processing conditions for

both depositions are reminded in Table 2.

Table 2. Conditions of the electrodeposition process of Co and Co-Ni films deposited on Ti substrate.

Chemical Concentration | Solution Solution Curre_nt Deposition

System temperature | density time

agent mol/L pH oC mA/Cm min
2.7

. CoSQ7H,0 0.6 i

Co/Ti HaBO; 0.4 in;l 50 20 12
CoS(,7H,0 0.4 2.7

Co-Ni/ Ti NiSO, 6H,O 0.6 and 50 -20 18
H;BO; 0.4 4.7

11.3.1.1. pH effect on the structure of Co and Co-Ni films

In the first order, the structure of cobalt deposits was investigated. Figure 7.(a) and Figure
7.(b) present the X-ray diffraction (XRD) patterns of cobalt films deposited at high and low pH
levels, respectively. For the Co films deposited at high pH level the X-ray diffractograms

demonstrate the reflections from three characteristic cobalt crystal planes: (100), (101) and (110)

of the hexagonal centered-packed (hcp) structure, clearly appeari@g@4r 47° and 76,

respectively. Moreover, a2d [176°the face-centered cubic (fcc) structure in (220) orientation is
associated together with the growth of (110) hcp phase. A reliable assignment of the peak of the
one or the other phase is not possible at this point because of the small difference between the
two XRD line positions (Fig.7.(b)).
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Fig.7. Phase composition of the Co films deposited on Ti substrate at different pH levels (a)
with overlapping of two Co phases (b} -20mA/crd, t = 12min

According to the Powder Diffraction Files (PDFs) published by the JCPDS — International Centre
for Diffraction Data, the fcc-Co phase is localized &t[] 75855° (JCPDS 05-0727), while that
of hcp-Co at & 0 75941° (JCPDS 15-0806). Thus, the difference between diffraction lines for

both phases is 0.08@nd a clear assignment for the presence of only one phase is not possible.
Hence, the structure of electrodeposited cobalt film is ascribed as a biphasic and intensive growth
of (100)-hcp plane indicates the crystallites orientation in the film. At low pH level equal to 2.7, a
strong decrease in the X-ray peak intensity of (100) and disappearance of (101) plane of Co-hcp
is observed, whereas the (220)-fcc+(110)-hcp ped@4&t 76° become majority.

Going forward, the nickel element has been introduced to the deposition solution in order
to investigate the effect of pH on the growth of binary system and compare it with the single
metal deposition. The X-ray diffraction patterns of Co-Ni films grown at high and low pH,
respectively, are shown in Fig.8. Similarly, as in the electrodeposited Co films case, the binary

Co-Ni deposits consist of a biphasic structure, regardless on the pH value.
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Fig.8. Phase composition of the Co-Ni films deposited on Ti substrate at different pH levels (a) with the
overlap lines of two cobalt phases (io¥;-20mA/cm, t = 18min

At high pH (4.7) the alloy formation is indicated by the presence of crystallographic (111) and
(200) planes of Co-Ni-fcc phase. Additionally, the diffraction peakgatl 76° may be attributed

to the growth of a mixed Co-Ni-(220)-fcc and Co-(110)-hcp phases. The presence of Co-hcp
phase in the Co-Ni deposits is confirmed by the observation of the growth of (100) and (101)
planes of Co-hcp at low&0 angles, about 41° and 47°. A decrease of the pH level down to 2.7,
shows a similar effect on the Co-Ni structure formation as that of Co. The Co-Ni film
electrodeposited at low pH is characterized by a presence of only one diffraction peak, probably
related with the growth of both, Co-Ni alloy and Co-hcp phases.

Cohen-Hyams e#l. [22] and Dini [171] have demonstrated that for a low pH value
(<2.7), an fcc phase is always occurred, while at pH values between 2.7 and 5, a mixture of hcp
and fcc phase is formed. In contrast, for high value of pH (>5) an hcp phase occurs only.
Nevertheless, the experimental results presented in this work reveal the occurrence of fcc and hcp
structures at both pH levels, low and high. Thus, it can be assumed that the range of electrolytic
pH, when the both varieties of crystallographic structure are observed may vary, depending on
the electrodeposition conditions.

According to the literature review, different explanations appear, when considered the
phase formation dependence on pH level. Armyanov [83] reported that the formation of Co-fcc

phase at low pH is probably in the form of a metastable cobalt hydride, which is greatly
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facilitated by the adsorption and subsequent incorporation of atomic hydrogen into
electrodeposits. Orinakova al [49] gave evidence that hydrogen resulting from the cathodic
reaction is chemisorbed or chemically bonded in the electrodeposited layer. The general
conclusion is that the highest intensity among hydrogen containing species was detected for OH
ions at all pH values. Furthermore, at lower pH the hydrogen presented in the deposited layer is
primarily in the pure form (H, bJ, less as the metallic hydrides (MH, MHand least as the
metallic monohydroxide species (MOH). Hence, it can be assumed that the dissolved hydrogen
distorts the hcp lattice to an extent that is finally transformed to the fcc structure [172]. Moreover,
it has been shown that in the absence of stirring the growth of fcc structure at low pH is favoured
[92].

With respect to the occurance of hcp phase of Co at high pH, an association with the
presence of colloidal hydroxides at the cathode surface during the deposition is suggested.
Following [83], the investigations on electrodeposited cobalt indicated a high content of both,
hydrogen and oxygen in high pH-Co films. Thus, it is suggested that these gases may have been
originated from cobalt hydroxides. As stated in [49], in addition to the OH ions, very high
intensities of high pH-Co films were also registered for metallic hydrides (MH,) lgiwell as
mono and dihydroxides (MOH, M(OF)) This may also be the case in this study. The biphasic
(110)-hcp+(220)-fcc diffraction peak may consist some of the cobalt or cobalt and nickel (in Co-
Ni films) hydroxides, which are formed at high pH (4.7). They may slow down the (110)-
hcp+(220)-fcc growth rate and as a result favours the growth of cobalt (100) and (101)-hcp
planes. Another explanation could be found in the precipitated Co-hcp crystals, which are rotated
around the c-axis from (110) to energetically more stable (100) plane. The reason for the
formation of non-equilibrium structure may be a lower surface free energy of the fcc phase in
comparison to that of the hcp, as shown by Krausé §8]. The Co-hcp phase is not distributed
homogeneously along the substrate, but forms separated crystals in its vicinity. The origin of this

behaviour is again the co-deposition of hydrogen, which influences the surface free energy.

11.3.1.2. pH effect on the morphology of Co and Co-Ni films

The differences in phase composition of Co and Co-Ni films, regarding on the pH

variations, are well observed in the morphological examinations. Figure 9 presents the SEM
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images of Cdilms in dependence of electrolyte pH. The surface morphology is strongly af

by the phaseamposition, which in turn depends on the pH le

¥ 20KV

Fig.9. orlc;yft Co ietrbdositd on Ti substrate at » .
i = -20mA/cm, t = 12 min,

m 55 4 #20k 00 055

The morphology of cobalt film qosited at high pH level (Fig(@)) demonstrates coa-grained
structure. The cobalt crystallites are rather large and in the form of wide -like particles.
This kind of crystal shape is asiated with the presence bkexagonal phase. However, so
admixtures ofcc cobalt phase characterized by the growth of small and spherical nucleus

observed as well. Hence, it can be assumed that the -like cobalt crystals grow on tt
spherical matrix providing formation of a dense film. Furthermore, the quathe film surface
is strongly affected by the simultaneous hydrogen evolution and formation of the

hydroxides during electrodeposition process. Thus,discontinuityof Co films is observe.

Contrary, eletrodeposition at low pH (Fig.(b)), allows obtaining finggained film, much mor
homogeneous and compact than that deposited at pH 4.7. The presence of small and
cobalt crystals could be associawith the Cofcc phase, which may grow together v Co hcp
phase at2g 0176° (Fig.7).

Similar morphological observations are noticed in the case of electrodepos-Ni
films, which characteristic in dependence pH level is presented in Fig.. The morphology of
deposited film at high pH (Fig..(a)) is closely related tdat of cobalt film (Fig.). The Co-Ni
film deposited at pH 4.7 possesses a c-grained structure with large and wide crystals. W
depositing at lower pH th&ne-grained structure consistingf small and spherical crystals
observed. The relation between morphology of th-Ni films and the phase composition is

the same order as that of the cobalt fi
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Fig.10. Morphology of the Co-Ni films electrodeposited on Ti substrate at pH (a)
i = -20mA/crd, t = 18min.

The possibility of predominant amount of hexagonal phase of cobalt in the Co-Ni film deposited
at pH 4.7 may contribute to the growth of large and elongated crystals. Contrary, the
morphological characteristics of films deposited at pH 2.7 could be associated with the larger
fraction of fcc phase. Furthermore, the SEM images demonstrate that the quality of deposits
surface is more uniform and homogeneous, when cobalt films are alloying with nickel, rather
than deposited as a single metal layer, regardless on pH level.

It was deduced in Ref. [49] that the amount of hydrogen incorporated in the deposit is the
highest at low pH level (about 2). This corresponds to the highest concentraton of hydrogen
protons in the electrolyte solution. In spite of the containing the highest level of evolved
hydrogen, the quality of both deposited Co and Co-Ni films at low pH (2.7), seems to be
smoother and more uniform, compared to that at pH 4.7. Similar observation has been reported
by Alper etal. [50] and Vicenzo and Cavallotti [17]. The change of surface morphology with the
electrolyte pH may be explained by the hydrogen evolution reaction occurred at the cathode
surface. If the hydrogen evolution, which is favoured at low pH as stated by Orinakalva et
[49], is sufficiently effective then it changes the electrochemical conditions at the vicinity of the
electrode. Hence, the value of pH increases near the electrode surface and affects the morphology
of deposits. In this case, the boric acid used plays an important role in maintaining the pH of the
solution near the electrode surface to be equal to that of bulk solution. The protons released from
the aqueous solution of boric acid (Eq.(10)) in the diffusion layer, reacts with the hydroxide ions
to form water. As a result, more energy is required for the reduction of water, thereby shifting its
potential to more negative values. Thus, the use of boric acid offsets the increase in the pH

associated with the onset of water electrolysis. Hence, the deposition can be accomplished
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without interference from hydrogen evolution and as a consequence, the hydrogen-free Co and
Co-Ni deposits at low pH are obtained.

Unfortunately, the buffering action of boric acid at high pH level is not effective.
According to Santos el. [57], the reason lays in the high-temperaturé€C3@lectrodeposition
process. An increase of the solution temperature, similar as a high pH value, enhances the
deposition rate, but also increases that of the unwanted hydrogen evolution. If the hydrogen
evolution reaction is more effective at high temperature and high pH level, thus, the formation of
OH ions must be larger as well. Considering the kinetics of boric acid, its dissociation is the rate-
determining step during hydrogen evolution reaction [57]. In the case of high-temperature
process, the dissociation rate of boric acid is not fast enough to provide the increaseonisOH
concentration at the electrode surface. Thus, the Co and Ni hydroxides formated at high pH (4.7)
tend to be adsorbed at the cathode surface, affecting the quality of deposited films.

As it is discussed, the problem of hydrogen evolution during the cobalt electrodeposition
from aqueous solution is common and fundamental in the microstructure formation. Thus, it is
wider discussed in Chapter IV, which investigates the hydrogen adsorption mechanism and its

effects on the structure formation of Co films.
11.3.2. Substrate type and deposition time

The followed objectives in the optimization of electrodeposition parameters were
lowering the roughness and crystallites size of the deposited Co and Co-Ni films. Thus, in
addition with the titanium substrate a thin glass covered by indium tin oxide (ITO) layer (Fig.11)

has been used as well.

(@) (©)

Ir
.

Fig.11. Substrates used as the working electrodes: (a) — titanium, (b) — ITO/glass.
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Compared to the electrodeposition at the metal surfaces (Ti), the deposition on semiconductors
(ITO) substrates is different at two aspects: the semiconductor characteristics of the substrate and
the weak interaction between the semiconductor material and deposited metal. Thus, the ITO
substrate has been reinforced with Ni seed-layer in order to improve the adhesion ability of
deposited film, which was poor in the case of direct deposition on ITO substrate. Furthermore,
the deposition time of electrodeposited Co and Co-Ni films on Ni/ITO substrate on the crystallite

size is investigated (Table 3).

Table 3. Conditions of the electrodeposition process of Co and Co-Ni films deposited on Ni/ITO substrate.

Chemical Concentration | Solution Solution Curre_nt Deposition

System agent mol/L H temperature | density time

9 P °C mA/cnf min

Ni/ITO H,B0, 0.4 2.7 30 -10 6|1

. CoSQ7H,0 0.6 )

Co/Ni/ITO HsBO; 0.4 4.7 50 10 4|1
CoSQ7H,0 0.4

Co—-Ni/Ni/ITO | NiSO,; 6H,O 0.6 4.7 50 -10 1
H;BO; 0.4

11.3.2.1. Electrodeposited Co films

Figure 12 compares the phase composition and morphological characteristics of Co films

electrodeposited on Ti and Ni/ITO substrates.
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Fig.12. Comparison of thghase omposition and morphology of Co films electrodepositec
(a) Tiand (b) Ni/ITO substrates;
Ti: i = -20mA/cnd, t = 12min, pH = 4.7Ni/ITO: i = -10mA/cng, t = 4min, pH = 4.7

The Co films @posited on Ti substrate (Fig.(a)) are of biphasic: hcp and fcc struc. The
growth of fcc phase aRd [ 76° is accompanied together with €bt0-hcp phase. This is
confirmed by the morphological investigation, which put into evidence the predominat
phase in the Co/Ti films. The electrodeposition of Co on Ni/ITO substratel2.(b)) brings
about the formation of cobalt film, which mainly composedavith hexagonal phase. Thus, t
obtained structure consists of v-defined, wide needlkke crystallites agglomerated in the fo
of large clusters rather than growing separatelng the substrate surface. Furthermore, in
cases the intensive growth of (1-hcp plane suggests that the Co crystallites are mainly ori
in this direction.

In the further process optimization route, the crystallites size of Co film deposi

Ni/ITO has been reduced by decreasing the depao time from 4 to 1 minute (Fig.).
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(a) 4 minutes an(b) 1 minutej = -10mA/crd, pH = 4.7

The film deposited at longer time g.13.(a)) consists of elongated neelite crystallites, which
are agglomerated into large clusters and grow not uniformly at the substrate surface. A
of the deposition time allows obting much more homogeneous and uniform structure ¢
films (Fig.13.(b)) consistingf typical forms for hexagonal structure. The average crystallite
of cobalt was determined according to the Scherrer for

kA

whered is the mean size of graik is a dinensionless shape factor, wk value is close to unity
and a typical usedlalue of is about 0.€61is the X-ray wavelengthgZis the full width at hal
maximum intensity (FWHM) of the -ray diffraction peak,after the correction for tr
instrumental line broadening, ail@is the Bragg angle. The mean grain sizes were found
about 825 nm for the cobalt film grown at high deposition time (4 mir about 444 nm for that
at low deposition time (1 min)

The morphological characteristic shows that decreasing deposition time from
minute brings about reduction in the crystallites size. The deposition time has an effec
early stages of electrodeposition. At first, the nucleation occurs and inuclei are formed on a
whole substrate surface. When all of the active sites on the substrate are occupied th
process of nuclei follows. During the st-time deposition there is not enough time for I
nuclei growth. Thus, the nucleation procis dominanted, resulting in the nanocrystallite fill
Hence, the reduced deposition time together with a change-be-deposited substrate brin
about the electrodeposited films characterized by lower roughness and more uniform
surface.
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11.3.2.2. Electrodeposited Co-Ni films

Much clear difference between both substrates is observed, woying Co with Ni
element (Fig.1% Again, the C-Ni film deposited on Ti substrate (Fig.14)) is of biphasic: hcp
and fcc structure, with the€Co-hcp diffraction peaks at lower@2ngle. This structural
characteristic is followed by the morphological feature, obviously indicating the Co crystal

hexagonal form (elongated needls), embedded into small and spherical crystallit-Ni-fcc

nature.
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Fig.14. Comparison of thehase omposition and morphology of Qi films electrodeposited ¢
(&) Ni/ITO and (b) Ti substrates;
Ti: i = -20mA/cnf, t = 18min, pH = 4.7Ni/ITO: i = -10mA/cni, t = 1min, pH = 4.7

When the Co-Ni film iselectrodepcited on Ni/ITO substrate (Fig.14)), the C-hcp peaks
diseapear, whereas the presence ¢-Ni alloys diffraction peaks is observ Thus, the Co-Ni
films consist of small and spherical crystallites, characteristic for the fcc str

Regading on the crystallite size, the alloying of Ni with Co under the electrodepo
conditions allowthe formationof nanocrystalline films (Fig.15)n the case of electrodeposit
Co and CaNi alloys, the films ar characterized by a uniform and homneous structure, which

is fully covered by the smatlized crystallites along the substrate surf
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I1.4. Electrodeposition under external magnetic field

Superimposition of an external magnetic field during electrodeposition process of
and alloys is another parameter affecting their structure formation and growth. Thusction
is focused on the investigations of effects of an external magnetic field on the formati
growth of electrodeposited systemsscribed previously: Co and Qd-films deposited on T
and ITO substrates. Furthermore, the binar-Cu and ternary Co-NGu films electrodeposite
on Cu/ITO substrate are introduced, since their microstructure formation exhibited
interesting features under superimposed magnetic {

Because of different magnetic field amplitudes and two varieties of its dion, this
section is divided into two parts including, in the first order, study of the low magnetic
(LMFs) in horizontal orientation toward electrode surface with magnet strength up to 1T a
magnetic fields with a vertical orientation andgnets strength up to 12T. In both cases

magnetic field flux was oriented paralleto the electrode surface (Fig)16

(@) (b) ’
B
_>| l »
B

Fig.16 Magnetic field flux in parallel orientation to the elece surface placed horizontally (a) a
vertically (b).
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11.4.1. Effect of a low magnetic field (LMF)

This section considers the effect of a superimposed magnetic field up to 1T, on the

structure formation and growth of:

- Co and Co-Ni films electrodeposited on Ti substrate,

- Cofilms electrodeposited on Ni/ITO substrate,

- Co-Cu and Co-Ni-Cu electrodeposited on Cu/ITO substrate.

The parameters of electrochemical deposition process are reminded in Table 4.

Table 4. Composition of the electrolytic solutions according to the electrodeposition of different systems

under LMF, together with the electrodeposition conditions.

Solution Current | Deposition Magnetic
System Chemical Concentration | Solution temperature | density gme field
agent mol/L pH oc mA/cm min amp!:_tude
CoSQ7H,0 0.6
CoS(,7H,0 0.4
Co-Ni/ Ti NiSO, 6H.,O 0.6 4.7 50 -20 18 <1
H;BO; 0.4
Ni/ITO HsBO; 0.4 2.7 30 -10 1 0
. CoSQ7H,0 0.6
Co/Ni/ITO HaBO; 0.4 4.7 50 -10 1 <1
CuSQ6H,0 0.03
cu/ITO HsBO; 0.4 4.0 50 -20 5 sec 0
Co-Cu COSC4.'7HZO 0.4
/Cu/ITO CuSQ 6H,0 0.03 4.0 50 -20 1 <1
u H4BO; 0.4
CoS(,7H,0 0.01¢
Co-Ni-Cu NiSO4' 6HZO 0.2 ~
Jcul o | CusQ 6H0 0.01 4.0 50 20 1 <1
H;BO; 0.4

11.4.1.1. Co and Co-Ni films electrodeposited on Ti substrate

Figure 17 shows the X-ray diffraction patterns associated with the morphological
characteristics of Co films electrodeposited without and with 0.5 and 1T magnetic field. The

diffractograms indicate that the Co films are of biphasic: hcp and fcc structure. A superimposition
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of an external magnetic field does not change the phase composition of Co film, but act
relative diffraction peaks intensity. Under magnetic conditions of electrodeposition
diffraction peaks of Co: (10-hcp and biphasic (110)-hcp+(220)-ficcrease with thimagnetic

field amplitude.

<o Co-hcp @ Co-fcc
(:é ‘" O®
- 0T
3| - Jer]
‘©
c
i)
=
NJ 0.5T]
JMM b Mo dbuiah hld
40 50 60 70 80
26 / degrees

Fig.17. Xray diffraction patternand morphology of the Co filmsectrodeposited on “substrate
under (a) OT, (b) 0.5T and ( 1T magnetic fieldi = -20mA/cn, t = 12min, pH = 4.

The effect of magnetic field on the growth of Co phases can be clearly observed
considering the associated morphological characteristics. At first, when no magnetic

present during electrodeposition the wide ne-like stucture is formed. Under 0.5T magne
field the intensive growth of (1C-hcp phase is observed, what is related with the improved
and elongation of needliéwe crystallites (Fig.1.(b)). Further increase of the magnetic fi
amplitude causes simuitaous growth of we-defined, needléike and sma, spherical
crystallites (Fig.14c)). Thiscould beassigned to the increased growth ratio of (-hcp and
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(110)-hcp+(220¥cc phases. The nee-like form of crystallites stands for the presence
hexagonal phase, while that of spherical one is related to the growth of fcc phase. -
superimposed magnetic field confirms the formation of biphasic Co fil

The biphasic structure characteristic was also determined in the elecsited Co-Ni
films (Fig.18. In this case, the effect of a superimposed magnetic field on the phase form

more obvious than in the electrodeposited single Co films and it acts as a low pl

< Co-hcp 4 Co-Ni (fcc)

Intensity / a.u.

20/ degrees

Fig.18. Xray diffraction patterr and morphology of the Co-Nilms electrodeposited on substrate
under (a) OT, (b) 0.5T and (LT magnetic fieldj = -20mA/c, t = 18min, pH = 4..

In absence of an external magnetic field tl-ray diffraction pattern of C-Ni films indicates
five diffraction peaks associated with simultaneous growth of both, hcp and fcc phases
magnetic field conditions of 0.5 and 1T most of the diffraction peaks localized at 18 angles
are not formed. The (10®kp plane of pure Co phase is still olved, but with much lowe
relative intensity than that ino film deposited without an appliedagnetic field. Similar to th
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previous case of Co films, the magnetic field affects the intensity of (110)-hcp+(220)-fcc
diffraction peak. Thus, the morphological characteristic is affected as well. The Co-Ni structure
consists of broad needle-like crystallites, when no magnetic field was applied (Fig.18.(a)). The
morphology is completely transformed in fine-grained structure of small and spherical crystallites
under magnetic deposition conditions (Fig.18.(b) and (c)). This suggests that during
electrodeposition of Co-Ni films under superimposed magnetic field, the obtained structure could
be completely monophasic. In this case, the morphological features confirmed that it is probably
the fcc structure.

Regarding on the Co films deposited under magnetic field, there is no effect on the
structure formation of deposited films (Fig.17). It was discussed by Krause [@8], that a
magnetic field of at least 30T strength is necessary in order to affect the nucleation. If the
nucleation cannot be influenced by laboratory field strengths, an influence on the structure
formation is difficult to imagine. Thus, the secondary effects of magnetic field, as for example,
on the pH value in the vicinity of electrode surface, are responsible for the structural
modifications, as observed in the growth of Co-Ni films under magnetic field (Fig.18). The
growth of different structural planes may be explained as a consequence of competitive
adsorption between hydrogen and intermediate species [27,170], or according to the growth
conditions, related to different degree of inhibition [174]. Also, a change in the intensity of X-ray
diffraction peaks of deposited films is usually attributed to the presence of inhibiting species,
such as hydrogen and metal hydroxides [175,176]. The additional convection induced by the
MHD effect in the electrolyte may be invoked to be responsible for the structural evolution. A
superimposed magnetic field increases the hydrogen evolution reaction and adsorption of some
inhibiting species, such as,ddand metal hydroxides. As the diffusion layer thickness decreases
under magnetic-induced convection, the concentration gradient of hydrogen ions increases.
Therefore, the flux of hydrogen ions arriving at the electrode is increased. Rik¢1&t7] have
proposed that an increased HER was observed because of an easier coalescence of hydrogen
bubbles due to the MHD stirring of the electrolyte and in turn, decrease in the overpotential of the
hydrogen formation. Hence, the crystallite size and layer roughness are improved under magnetic
field conditions.

More homogeneous deposit surface, resulting from the processes carried out under
magnetic field is also reported in the works of Tabakoval.gfl16], Ispas eal. [121] and Koza

et al. [155]. The well-defined quality of deposits is clearly induced by the MHD stirring of the
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electrolyte, which reduces the thickness of diffusion layer and in turn improves a mass transport
toward the electrode surface. Due to the stirring effect, the MHD convection improves the
electrode coverage by removing the gas bubbles sticking to the electrode surfaces and reduces the
void fraction in the electrolyte-bubble dispersion zone [178]. The hydrodynamic origin of the
smoothing effect is supported by the results obtained by Matsushiala [@62] and Osafo-
Acquaah eal. [176]. A reduction in the value of growth exponents as well as the roughness with
the increased electrolyte flow was reported. It was proposed that the deposition conducted
without a forced convection results in a privileged growth of peaks and rough deposits. With an
increase of the flow rate the concentration gradient at the electrode surface is reduced, a surface
peak growth mode is suppressed and resulting electrodeposit appears smoother [176]. A forced
convection is of much higher magnitude that the one caused by Lorentz force. However, the
observed changes in a magnetic field have to be of the same nature as the ones reported under a

forced convection.

11.4.1.2. Co films electrodeposited on Ni/ITO substrate

In comparison with the Co films electrodeposited on Ti substrate, the magnetic field
effect on the Co films deposited on Ni/ITO is less obvious. Figure 19 presents the X-ray
diffraction patterns together with associated morphological characteristics of Co/Ni/ITO films.
The Co films deposited on Ni/ITO substrate consist of both crystallographic Co phases: hcp and
fcc. This phase composition is not changed under magnetic electrodeposition conditions. The
superimposition of 0.5 and 1T magnetic field, similar as in previous cases, affects the relative
intensity of diffraction peaks. Under magnetic conditions the intensity of diffraction peaks
corresponding to the Co-(100)-hcp and mixed Co-(110)-hcp+Co-(220)-fcc+Ni-(200)-fcc
orientations increases slightly. Accordingly, no significant modifications in the morphological
features are observed (Fig.19.(a),(b) and (c)). The Co films in each case consist of crystallites in

the form of small and wide particles.
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Fig.19. Xray diffraction patterr and morphology of the Ciilms electrodeposited cNi/ITO substrate
under: (a) OT, (b) 0.5T and (1T magnetic fieldj = -10mA/cn, t = 1min, pH = 4."

Change in the diffraction peaks intensity of the Co/Ni/ITO films has been usually attribt
the presence of inhibiting species, such as hydrogecobalt hydroxides [49]. Such species
be formed depending on the electrolyte composition and deposition parameters, anc
partially adsorbed at the cathode surface. The amount of inhibiting species can be chang
superimposed magnetic fiel@he induced convection in the process carried out under ma
field conditions increases the transport of both, metal and inhibiting s ions towards the
electrode surface. Thus, under magnetic field the hydrogen evolution is faster than iicess,

where no magnetic field is superimposed. Hence, the amount of adsorbed hydrogen is hi

the variation of diffraction peak intensities is obser
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11.4.1.3. Electrochemical kinetic study

Chronoamperometry is a method widely used to studleation and growth processt
A basic study interpretthe electrodeposition process in terms of nucleation followed by g
and generally relies on the use of current transient analysis for determining nucleatic
saturation nucleus densities asteady-state growth rates. Figure &@ows the curre-time

transient of cobalt recorded on the Ti substrate at deposition po-1.4V vs. SSE

o & A N
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Fig.20. Currentime transient for the electrodeposition of Co/T-1.4V vs. SSE, pH = 4.

This feature is consistent with the nucleation and growth processes, indicail-nucelation
mechanism with hemispherical nucleus and diffusion control. The initial regime of trans
characterized by a sharp increase in current, which corresponds ttion of the first nuclei &
the electrode surface. This is followed by a decrease in the current due to a decrea
electroactive area associated with crystal growth on the electrode. Finally, the slow dec
current corresponds to limitation the reaction process by semiiite linear diffusion of the
Co** ions.

The electrodeposition transients can be analyzed by comparing the growtl
normalized in terms of the maximum currei,, and the time at which the maximum currer
observedtmax According to the model including diffusi-controlled growth of hemispheric

nuclei propsed by Scharifker and Hills [1], the electrodeposition transients for instantant
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and progressive nucleation followed by 3D diffusion-limited growth can be described by the

following Equations:

(.i ()j = '[1/9t542{ ks ex%— 1256{%)}}
Imax max max (30)
(.i ()j _ 12254) ex%— 2336{Lj }

I max t / tmax tmax

Eq.(30) stands for an instantaneous nucleation, where all the cobalt nuclei are created at the same

(31)

moment at the beginning of the applied potential, while Eq.(31) is a progressive nucleation,
where new crystals are continuously created throughout electrodepo&itionvenient criterion

for distinguishing between these two cases of nucleation kinetics is to present the experimental
data in a non-dimensional pl(t)/ima)’ VS. (tma) and to compare them with the theoretical
plots resulting from Egs. (30) and (31lkigure 21 shows the experimental result for
electrodeposited cobalt at potential -1.4V with the two limiting cases of the theoretical 3D

nucleation growth models.
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Fig.21. The theoretical instantaneous and progressive nucleation modes compared
with normalized(i/i nay)? VS. t/tmax plots obtained from the experimental data in Fig.20.
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According to Fig.21 cobalt nucleatiorseems to followthe instantaneous nucleation mo
Negative deviation of chronoamperogram from the models at t/tmax= 1.5, is mostly likely
related to reduction of hydrogen ions and hydrogen evolution. When the totzof cobalt
nuclei is relatively small (before the maximum on the reduced current plot) the contributic
the hydrogen reduction will also be small. While, the surface area of cobalt becomes lal
contribution from the hydrogen ion reduction to overall current will become significar
causing a deviation from the theoretical model. This invalidates the interpretation of the r
Fig.21, because the model given by Egs. (30) and (31) cannot distinguish between the
contributed by theobalt and hydrogen ions reducti

The ScharifkeHills model alsodeterminesthe type of nucleation by analyzing t
raising parts of the chronoamperogram, prior to the overlap of nuclei diffusion zones.
stage, the reduction of hydrogen ionnot so prominent and majority of current corresponc
reduction of cobalt ions. Analysis of the raising part of transient is possible by represent
the initial transient portioni versust'? for instantaneous and versust®? for progressive
nucleation. The raising parts of the cur-time transient should exhibit linear dependenc

1/2 3/2

either the ofi vs. t7“ or i vs. t

domains, for instant@ous and progressive nucleat
mechanisms, respectively (Fig).
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Fig.22 Dependence of i versus t? and (b)t*? plots for the initial transient portic
for Co/Ti electrodepositionE = -1.4V vs. SSE, pH =4

For the experimental afa shown in Fig.z, it can be observed that the initial part
chronoamperogram can be better linearized in i-t*?> domain, which corresponds to t
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instantaneous nucleation regime. It should be noted that the linearization is not ideal in either of
the two domains.

Because of the apparent discrepancy in unequivocal assigned cobalt nucleation
mechanisms, which may be changed depending on the employed diagnostic critieria, another
proposed by Palomar-Pardaveakt[180] nucleation model may be used. The Palomar-Pardave
et al. nucleation model takes into account the contribution from the concurrent hydrogen ion
reduction and clear identification can be done. However, since the electrochemical aspect is not a
main goal of the thesis, the further investigations on this deliberation are not provided. Instead, in
the forthcoming sections the topographical analysis is included, which may also resolve the stated
problem.

11.4.1.3.1. Effect of a magnetic field on the current-transients

The shape aft transients at the very beginning of the deposition, obtained with the same
parameters may significantly vary from one to another experiment. Because of that, analysis of a
single, independent transient may lead to a misinterpretation in the nucleation and growth
mechanism. For this purpose it is more convenient to use transients, which are an average value
of many measurements. This procedure was adopted for the present section, where the
electrodeposition process was carried out under magnetic field.

Figure 23 presents the differencesi-intransient curves between Co and Co-Ni films

electrodeposited with and without an applied magnetic field at potential -1.4V vs. SSE.
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Fig.23. The adjustment of current-time transients for: (a) Co/Ti and (b) Co-Ni/Ti films electrodeposited at
-1.4V vs. SSE under LMF.
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A magnetic field applied during the process decreases the maximum current density of the
transient current of deposited Co (Fig.23.(a)). Opposite situation is observed for deposition of Co
with Ni (Fig.23.(b)), where the current density of Co-Ni electrodeposition process increases with
applied magnetic field. Moreover, the current maximum is observed at shorter times, indicating
faster nucleation rate. The differences inithéransients obtained under magnetic condition are
related with a simultaneous hydrogen evolution. The hydrogen evolution reaction is a secondary
process always assisted deposition from aqueous solution, and needs to be considered. The
applied magnetic field during the process enhanced the hydrogen evolution, thus causes the
modification ofi-t curves. However, the transients indicate a characteristic feature — current
maximum, which represents nucleation and 3D growth phenomena with a hemispherical
geometry.

The differences observed in the current-time transients of electrodeposited Co and Co-Ni
films are due to the change of hydrodynamic conditions in the electrolyte under magnetic field
superimposition. The observed shift of the current maximum peak of Co-Ni film toward shorter
times in a magnetic field (Fig.23.(b)) suggests that the nucleation and early stages of the layer
growth could be affected by a magnetic field. This effect is attributed to the MHD effect acting in
the electrolyte, which retards the nucleation rate and favours the growth of nuclei [181]. In
consequence, the obtained surface morphology of Co and Co-Ni films differ significantly from,
when magnetic field is superimposed.

11.4.1.3.2. Effect of a magnetic field on the crystal growth

The typical AFM images of cobalt and Co-Ni alloy films electrodeposited with and
without an applied magnetic field, in 2D view are presented in Figure 24. These images indicate
that the substrate surface is completely covered by quite homogeneous in form crystals, which
grow onto the substrate through 3D island growth mode (Volmer-Weber growth mode),
indicative of instantaneous 3D nucleation. Thus, the instantaneous nucleation mechanism
proposed on the base of conventional electrochemical experiments presented before, may be

confirmed.
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Fig. 24. The AFM images of (a) Co/Ti and (b) Co-Ni/Ti films electrodeposited under LMF;
Scanning area 10xfifn; i = -20mA/cn, t = 12/18min, pH = 4.7.

Considering the magnetic field effect it can be seen that the Co and Co-Ni crystals evaluated into
different shapes and sizes. The topography of cobalt films (Fig.24.(a)) indicates formation of two
different varieties of crystals: spherical and needle-like, which grow above the certain level of
film. These two varieties of film crystals are characteristic for Co-Ni alloy film deposited in non-
magnetic process (Fig.24.(b)). A superimposition of 1T magnetic field causes a transformation of
Co-Ni crystals in the monoshape of spherical and separated grains. The reason of this observation
is of a hydrodynamic origin. When no magnetic field is present during electrodeposition, the
nucleation occurs at many active sites and their growth processes occur simultaneously. Nuclei
are at different ages and sizes, as indicated in Fig.24.(a) and (b) in the case of deposition under
OT. When a magnetic field is superimposed, the very beginning of electrocrystallization is
unaffected by a magnetic field and a whole situation is identical as in the process with absent
magnetic field. As the time goes by, the Lorentz force induced convection arises and increases
electroactive species transport towards already existing nuclei. Due to that as soon as metallic Co
(or Co and Ni in Co-Ni films) will appear at the electrode surface, it serves as a reaction site for

hydrogen evolution. The products of the hydrogen reduction are the hydrogen gas bubbles that
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are formed at the electrode surface, grow and eventually prevent further cobalt reduction from
taking place on the cobalt nuclei surface. Bacause cobalt ions could not be reduced at the surface
of metallic cobalt, they need to be reduced elsewhere on the electrode substrate, leading for the
formation of new cobalt nuclei. As a result, the size of nuclei decreases and population density
increases [182,183].

11.4.1.4. Co-Cu and Co-Ni-Cu films electrodeposited on Cu/ITO substrate

The Co-Cu alloy is especially interesting Co-based system, mainly because of its
magnetic properties. Moreover, it has been found that alloying the Co-Cu system with low
amounts of nickel, the properties of thin flms can be improved. Furthermore, both Co-Cu and
Co-Ni-Cu alloys are usually prepared by physical vapor deposition technique rather than
electrodeposition method. In this case, the electrochemical deposition process seems to be more
convenient, since it is easier to maintain the process parameters and thus, control the growth and
related with it, properties of the deposited film. Hence, the followed section considers
electrodeposition of Co-Cu and Co-Ni-Cu films on Cu/ITO substrate and investigates the effects
of magnetic field on their growth process.

11.4.1.4.1. Magnetic field effect on microstructure and chemical composition

Figure 25 reveals the phase composition of Co-Cu and Co-Ni-Cu films electrodeposited
on Cu/ITO substrate with and without a superimposed magnetic field. The X-ray diffraction

patterns indicate that the films of both systems are polycrystalline in nature.
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Fig.25. X-ray diffraction patterns of the Co-Cu/Cu/ITO (a) and Co-Ni-Cu/Cu/ITO (b) films
electrodeposited under LMF= -20mA/crd, t = 1min, pH = 4.

In the case of Co-Cu films, each pattern shows the diffraction peaks of fcc structure of alloy, as
well as a weak peak ab2 41°, which is attributed to the reflection of (100) plane of hexagonal
structure of cobalt, appearing also at higher angles as (110) plane together with Cu (220)-fcc
phase. The presence of Co-hcp phase may suggest that Co grains exist within the Co-Cu solid
solution matrix. The intensive diffraction peak 8tahgle about 4lindicates that the Co-Cu film
crystallites grown favorably in the direction of (111)-fcc plane. A superimposed magnetic field
does not provide any effect neither on the phase composition nor on the relative diffraction peak
intensities. The act of superimposed magnetic field is observed, when alloying Co-Cu system
with Ni element (Fig.25.(b)). The X-ray diffraction pattern indicates the growth of Cu on the Co-
Ni matrix during electrodeposition without an applied magnetic field. Moreover, this growth is
associated with the simultaneous growth of single Co-hcp phase. Under magnetic condition of 1T
an intensive growth of Co-Ni-(111)-fcc matrix and embedded in it Cu-(111)-fcc crystals is
observed. Thus, it is suggested that under magnetic condition the growth of Cu crystallites may
be more stable and they can grow separately from the Co-Ni matrix.

In contrast to the X-ray diffraction patterns, the morphological characteristics of both

films (Co-Cu and Co-Ni-Cu) are closely related to each other (Fig.26).
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Fig.26 Morphology of the C-Cu/Cu/ITO (a) and Co-NGu/Cu/ITO (b) films
electrodeposited under LMi = -20mA/crd, t = 1min, pH =<,

The SEM observatioshow: that the electrodeposited @u/Cu/ITO and C-Ni-Cu/Cu/ITO
deposits could beomposed of two laye. This feature is especially well observed in theCu
and Co-Ni€u films are deposited without magnetic field. The bottom layer is a compau
film, whereas the surface layer consists of subm-scale crystallites that adheio the bottom
layer. Comparing both films, when the -Cu system is alloyed with Ni, the morphologi
feature of the Co-NGu film is characterized by ore homogenagus structure (Fig.z.(b)). The
surface morphology of both alloy films is strongly depen on a superimposed magnetic fie
more exactly on the concentration of each ions affected by an external magnetic field. W
weight percent of Cu atoms increases from 48wt.% to 58wt.% in t-Cu layer (Fig.27.(a)) and
from 14wt.% to 35w6 in the (o-Ni-Cu layer (Fig.24b)), due to the magnetic condition, i
morphology of the bi and tretallic films changes from individual particles to submi-scale

flower-shaped Co-Cu and &\i-Cu crystallites (Fig.26).
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Fig.27. Chemical composition of the -Cu/Cu/ITO (a) and Co-NEu/Cu/ITO (b) films
electrodeposited under LMi = -20mA/crd, t = 1min, pH =<,

The typical multibranched flower form of (-Cu and Co-Ni€u films is presented in Figu28.
Comparing both films, it is observed that-Cu crystallites grown not uniformlat the electrode
surface (Fig.28a)), while that of C-Cu-Ni are more uniform in crystallite sizes and
population density is much higher (Fig..(b)). However, both multtHrectional -dimensional

film growth indicates an instantaneous nucleation process, perpendicular to the esurface.

s 4 £3 :. g : (# . ; ‘ 19 : 3
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Fig.28 Comparison of the flow-like features of Co-Cu/Cu/ITO (a) and G-Cu/Cu/ITO (b) films
electrodeposited under 1T magnetic fid = -20mA/cni, t = 1min, pH = <.

As a result of structural analysis, it could be proposed that the separation of tt

peaks in Co-Ni€u film is reinforced by the magnetic electrodeposition conditions an
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intensity of the peaks increase with development of the flower-like morphology. It is known that
the favour growth orientation of electrodeposited films containing Cu is an fcc phase in (111)
orientation [184,185]. Moreover, an increase of the diffraction peak intensity is probably a result
of the increased Cu content in the electrodeposits. In the mass-controlled region of Co-Cu and
Co-Ni-Cu deposition, the deposited mass of Cu increases with increasing magnetic field. This is
due to the MHD effect caused by a higher convection in the electrolyte, as a result of the Lorentz
force (Eq.(22)). It is expected that the surface concentration 3fi@hs increase accompanying

with decreasing Hion concentration at cathode surface under magnetic field. That is, the surface
concentration of Cii ion is still maintained at higher value due to MHD convection [114]. The
deposition of Co and Ni in the Co-Cu and Co-Ni-Cu films is overlapped by the deposition of Cu
and also by the reduction of protons. A decrease of the deposited Co and Ni masses can be related
to a preferential hydrogen reduction in an applied magnetic field. Hydrogen reduction as a
transport-controlled reaction is subjected to the same magnetically induced enhancement of
convection.

A possible explanation for the flower-like growth in the surface morphology of the films
might be the diffusive growth of Cu. Branched flower-like structure of Co-Cu and Co-Ni-Cu
deposits may be explained by the co-deposition of hydrogen. Therefore, a change of the
morphology of deposited films might be attributed to the hydrogen evolution reaction, which is
favoured under magnetic field conditions. Without a magnetic field, the only driving force for the
reduction is the diffusion of hydrogen ions towards the electrode surface. The natural convection
is negligible since the electrode is oriented horizontally. A short time after switching on the
magnetic field, an additional force is influencing the hydrogen ion reduction. The flow of
hydrogen ions towards the cathode is perpendicularly oriented to the magnetic field. Thus, due to
the Lorentz force (EQ.(22)), an additional convection is generated. As a result, the thickness of
diffusion layer decreases and the concentration gradient of hydrogen ions increase [159].
Therefore, the number of hydrogen ions arriving at the electrode surface is increased (Fig.29).
One of the consequences of hydrogen evolution is thdiulbles are attached to the surface
during the deposition and therefore, can cause growth of the deposit around the bubbles before

they are released.
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Fig.29.Schematic representation of the dendrite form.
related to the hydrogen evolution react[186].

11.4.1.4.2. Electrochemical dynamic study

To obtain a complimentary overview on the electrochemical aspect of deposition,
the electrokinetics investigated by the chronoamperometry, it is also useful to detern
electrochemical dynamics of studied tem. Since the best reproducibility of experiments
obtained for the C&u films the present section is focused on the study of dynamic proce
function of an applied magnetic field, by means of potentiostatic polarization curve
Electrochemichlmpedance Spectroscopy (El:

The results shown in Figure demonstrate the magnetic field effect observed dt
electrodeposition of C&u alloy films. A slight increase of current density in the presence
magnetic field is found in the cathopotential range up td.:6 V vs. SSE
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Fig.30. Current-potential curves for the Co-Cu/Cu/ITO films electrodeposited under LMF;
E=-1.4Vvs. SSE,pH =4

The first current increase observed at potential range of -0.6 to -0.8 V vs. SSE is due to the MHD
convective effect on the cathode of inhibiting Co(ll) species that are under mass control. The
further increase of potential, up to -1.6 V vs. SSE is explained by the MHD convective effect on
the H(I) species that leads to a strong gaseous hydrogen bubbling from the cathode.

Figure 31 presents the impedance diagrams in the frequency range from 59.7 kHz to 7.59
Hz, for a deposition potential of -1.4 V vs. SSE. The impedance diagrams are composed with two
loops. The high frequency capacitive loops characterize the charge transfer processes in parallel
with the double-layer charging. In addition, the second capacitive loop is composed with
inductive compartment, which may be localized in the negative imaginary part of the plot for
high applied potential values. In this high frequency domain the first loop of the diagram arises
from coupling the electrons exchange reactions with the double layer charge phenomena.
Usually, the first process is represented by the charge transfer resi®pacel the second by
the double layer capacitanc€y. From this, the potential dependence of charge transfer
resistance may be regarded in term of the potential evolution of electrode kinetics. Taking into
account that at choosen potential the Co-Cu electrodeposition is dominated by the simultaneous

hydrogen evolution (Fig.30), the effect of magnetic field is measurable.
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Fig.31. Nyquist diagram of the Co-Cu/Cu/ITO films electrodeposited under LMF;
E=-14Vvs. SSE,pH=4

The differences between both plots, 0 and 1T, are due to the enhanced hydrogen evolution
reaction under magnetic conditions. In this case, the magnetic field acts on the kinetics of the
adsorption process, leading to a modification of the covering state of electrode by the adsorbed

species. The high frequency electrochemical impedagces given by the expression:
Ze = R+[R /1+ R, (jw)?2Q)] (39)

whereR; is the solution resistancBg; is the charge-transfer resistan@eis the constant phase
element, that is a term of representative of the double layer phenomenanjsaad empirical
constant ranging between 0 and 1. Bogqual to 1, the constant phase elenf@mg completely
identifiable to the double layer capacityy. To examine the effect of magnetic field on EIS
characteristic parameters the experimental data were analyzed using a fitting procedure, which
has been performed using commercial software ZSimpWin 3.21. This method is based on the
comparison of experimental data with an equivalent circuit, which component values are
dependent on a superimposed magnetic field during electrodeposition process. As an example,
the equivalent circuit depicted in Figure 32 was used to quantify the evolutions of both capacitive

and inductive loops with respect to the magnetic condition.
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Fig.32. The equivalent circuit for modeling the impedance of electrodeposition of Co-Cu/Cu/ITO films
under LMF.

The experimental parameters of impedances are listed in Table 5, in accordance to the
electrodeposition conditions (with or without magnetic field). The parametd®s €fy and R

are constant, while that &, R,, L andC vary with a superimposed magnetic field, indicating

the magnetic field effect on the adsorption of intermediate species and alloy activity.

Table 5. Parameters obtained from fitting of EIS model to the experimental data.

Feature B field oT 1T
R,ohm 2 )
C,.F 1.3 107 13-107
R,,ohm 4.5-107 45-107

C,F 1.9 -10+° 1.0 - 106
R,ohm 152 140

L,H 8.8-10° 1.0-104
R,ohm 33 36

The weak effects observed in the presence of magnetic field are only due to the change of
the electrode area during the metallic electrodeposition and to the effect of MHD convection.
Similar observations were reported by Devoslef166], who studied the magnetic field effect
on electrochemical kinetics of different electrochemical systems. From the current-potential

curves (Fig.30) it is clear that the Co-Cu electrodeposition is assited with simultaneous hydrogen
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evolution reaction. In a magnetic field the MHD convection enhances the mass transfer rate of
Cc?* and C@" ions toward the electrode surface as well as hydrogen. The hydrogen is adsorbed at
the active sites of substrates, blocking them for the metal ions reduction. Thus, the conditions of

electrodeposited substrate surface are changed and the electrochemical respond is modified.

11.4.2. Effect of high magnetic field (HMF)

The electrochemical deposition process of Co-Ni and Co-Cu films was then carried out in
a high magnetic field (HMF) up to 12T, in order to determine if the larger change of
hydrodynamic conditions in the electrolytic solution caused by high magnetic field (larger
magnetic forces than in LMF) will keep or induce further microstructural changes in the
deposited films. Table 6 shows the considered systems in this section, together with the

electrodeposition parameters.

Table 6. Composition of the electrolytic solutions according to the electrodeposition of different systems
under HMF, together with the electrodeposition conditions.

Solution Current | Deposition Magnetic
System Chemical Concentration | Solution temperature | density gme field
agent mol/L pH °c mA/cm min amp!:_tude
Ni/ITO H,B0; 0.4 2.7 30 10 1 0
CoS(,7H,0 0.4
Co—Ni/Ni/ITO | NiSO, 6H,0O 0.6 4.7 50 -10 1 <12
HsBO; 0.4
CoS(,7H,O 0.5
INT NiSO, 6H,O 0.7 )
Co-Ni/ITO HaBO, 0.4 4.7 50 10 1 <12
saccharin 0.015
CuSQ6H,0O 0.03 i
Cul/ITO HaBO; 0.4 4.0 50 20 5 sec 0
CoSQ7H,0 0.4
Co-Cu/Cu/ITO | CuSQ 6H,O 0.03 4.0 50 -20 1 <12
H;BO; 0.4
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11.4.2.1. Electrodeposited Co-Ni films

The Co-Ni films were electrodeposited under high magnetic field in two routes: on
Ni/ITO substrate and directly on ITO substrate. The growth of Co-Ni films at the pure ITO
surface was possible after introduction of saccharin additive to the electrolytic solution. Figure 33

presents the comparison of phase composition between Co-Ni films electrodeposited on Ni/ITO

and ITO substrates. The X-ray diffraction patterns indicate the Co-Ni alloy formatiGraag2
about 48 and additionally, for the Co-Ni/Ni/ITO aB2angle about 51 Other detected diffraction
peaks are associated with the Ni seed-layer and ITO substrate. Under high magnetic conditions of

electrodeposition the phase composition in each deposit is not modified, even when the amplitude

of magnetic field increases up to 12T.
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Fig.33. Phase composition of: (a) Co-Ni/Ni/ITO and (b) Co-Ni/ITO
electrodeposited under HMF+ -10mA/cni, t = 1min, pH=4.7.

Similarly as in the previous case of Co films electrodeposited under low magnetic field, the slight

variations observed in the diffraction peak intensity, when magnetic field is superimposed, are

related with the hydrogen evolution reaction during electrodeposition. The magnetic field

increases the HER increasing as the same time adsorption of some inhibiting species, gdch as H

or/and hydroxides. Moreover, according to Tabakovialef116] and Ispas edl. [121], it can

also lead to a preferential growth of the grains, if their easy axis of magnetization is in the
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direction of a superimposed magnetic field. Both cases can be responsible for the modific
diffraction peak intensities. Furthermore, the additional convection in the electrolyteed by
the MHD effect can be invoked to be responsible for the texture evolution, as ste
Matsushima eal. [154].

The morphological characteristics of -Ni films differ according to the deposit
surface. The Cdi films electrodeposited on Ni/ITO bstrate demonstrates less obvi
modifications under magnetic field (Fig.). The films consist of thin and nee-like crystallites,
growing along the substrate surface. Moreover, in each magnetic case their size and sha

similar.

oot . L e o [ S e W et o -
Fig.34 Morphology of the C-Ni/Ni/ITO films electrodeposited und:
(a) OT, (b)6T and (c 12T magnetic field; = -10mA/cnd, t = 1min, pH = 4.7
without saccharin additive.
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Much more interesting observation is noticed, when tF-Ni films are electrodeposited direc
on ITO substrate (Fig.35The morphology of C-Ni film deposited without a magnetic fi¢
(Fig.35(a)) is similar to the previous observations of films deposited on Ilvered with Ni

seed-layer (Fig.35.(a)).

Fig.35 Morphology of the C-Ni/ITO films electroa_eBosited und
(a) OT, (b) 6T ad (c) 12T magnetic fie; i = -10mA/cm, t = 1min, pH = 4.7
with saccharin additive.
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A significant morphological modification is caused, when a magnetic field is superimposed. The
morphology of Co-Ni films appears in form of long and maze-like nanowired structure
(Fig.35.(b)). This effect is kept with an increase of magnetic field amplitude up to 12T
(Fig.35.(c)). However, the shape of these features is more like nanofibres characterized by a
smaller size and higher population density along the substrate surface. The presence of saccharin
in the electrolytic solution could influence the behaviour observed in this case. The modification
of morphology by a superimposed magnetic field is confirmed by the calculated particles size,
listed together with the roughness variations in Fig.36, obtained by the AFM analysis.
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Fig.36. Roughness and crystallite size characteristics of the Co-Ni/ITO films
electrodeposited under HMF= -10mA/cnf, t = 1min, pH=4.7.

The curves of feature size and roughness exhibit non-monotonic increase up to 9T. In contrast,
these features decreases dramatically with further magnetic field increase up to 12T. Tabakovic et
al. [116] have reported that a superimposed magnetic field gave larger crystallite size of
electrodeposited Co-based films because of an increased mass transport. An increased mass
transport of cobalt (Co and Ni ions in the case of Co-Ni alloy) diminishes the effect of hydrogen
evolution reaction under magnetic field, which gives larger crystallites size, imporved substrate
surface and more dense deposits. Since the surface roughness is determined by the structural
characteristics, the increased crystallites size causes simultaneous increase of deposit roughness.
The electrodeposition process of Co-Ni alloys is known as an anomalous co-
electrodeposition. This means that the less noble metal (Co) is preferentially deposited on the
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substrate than the more noble one (Ni). Fan and Piron [187] reported that anomalous co-
deposition occurred only for current densities lower than 100 nfA/and related this
phenomenon to the kinetics of deposition, which is intrinsically faster for cobalt than for nickel.
The anomalous behaviour of Co-Ni films deposited in this work, with and without an applied
magnetic field is shown in Fig.37. Each quantitative diagram shows that the amount of Co in the
films is much higher than that of Ni. Comparing both deposition routes, on ITO substrate covered
by Ni seed-layer (Fig.37.(a)) and ITO substrate without a seed-layer (Fig.37.(b)), there is no

significant differences in the amount of each element in process with absent magnetic field.
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Fig.37. Chemical composition of the Co-Ni films electrodeposited on:
(a) Ni/ITO and (b) ITO substrates under HME; -10mA/cns, t = 1min, pH = 4.7

In the Co-Ni film deposited on Ni/ITO substrate the amount of Co is about 70at.% and that of Ni
about 30at.%, while the direct deposition on ITO results in 73at.% of Co and 27at.% of Ni. The
chemical composition of Co-Ni films is slightly changed during the electrodeposition under
magnetic conditions. The amount of Co in the film increases with simultaneous decrease that of
Ni. According to Correia and Machado [188] an attempt was made to explain the anomalous co-
deposition by the following steps:

® at the initial stage of electrodeposition the nickel ions are reduced,

(i) Co(ll) adsorbs onto freshly deposited Ni and begins to be deposited.
The Co(ll) deposition was supposed to inhibit subsequent Ni deposition, although it was
considered to be unable to block it completely. The anomalous deposition behaviour is slightly
affected by the magnetic field. According to Ebadalai125], the electrodeposition of Co and

Ni are mass transport controlled. Based on this the electrodeposition of Co-Ni films under
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magnetic field in this work is also under the influence of mass transport. The additional
convection in the electrolyte, induced by the magnetic field, enhances the deposition rate through
the MHD stirring. While C8" and Nf* are both double charged ions, thus both will experience
almost the same Lorentz force, which increases the deposition of Co and Ni to the same extent.
Because the larger magnetic moment has Co compared to Ni, the other magnetic forces, such as
field gradient force (Eq.(28)) and paramagnetic force (Eq.(27)), will become larger for Co than
for Ni. Thus, higher amount of Co in the Co-Ni films in the presence of magnetic field is

observed.

11.4.2.2. Electrodeposited Co-Cu films

An interesting case of the high magnetic field effect is noticed, when depositing the Co-
Cu films. The phase composition of Co-Cu electrodeposited on Cu/ITO substrate under high
magnetic field is presented in Figure 38. The X-ray diffraction pattern of Co-Cu film deposited

without an applied magnetic field reveals the alloy formation with simultaneous growth of single

Co-hcp phase.
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Fig.38. Phase composition of the Co-Cu films electrodeposited on Cu/ITO substrate under HMF;
i = -20mA/cm, t = 1min, pH = 4.
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A superimposition of the higimagnetic field does not modify the character of diffrac
patterns, inducing only a slight vaion of the diffraction peak iensities. The split of the (11
diffraction peak may arise from the (111) preferred orientation of Cu, because growthn
this direction is favoured [44]. The evidence of preferred Cu growliven by the SEM analys
(Fig.39. In the case of electrodeposited-Cu films, in the absence of external magnetic fi
the film consists of two layers: bottom, composed withll particles and very homogenous, ¢
top, characterized by the presence of gra-like crystallites. Under applied magnetic field
growth of crystallites from both layers is induced. The gra-like nucleus begin to gro
perpendicularly to the sutrate surface and the branched -like structure is observed. Tl
particles of bottom layer grow as well, but not as fast as that of the top layer. Under the n

conditions of 12T, a whole substrate surface is covered by th-developed tre-like nucleaus.

SUTC 20.0kV 15.5mm x4.00k S

]
10.0um

Fig.39.Morphological characteristic of the -Cu films electrodeposited on Cu/ITO substi
under HMF;i = -20mA/cn, t = 1min, pH = 4
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According to the chemical composition (Fig.40) it is clear that when magnetic field is not
imposed during the deposition process, the film consists of almost equal amount of Co and Cu
elements. Under magnetic field electrodeposition process the ratio of each element is drastically
changed. The content of Co decreases, while that of Cu increases rapidly and under 12T magnetic
field the films is composed in 99wt.% from Cu atoms. Thus, the branched tree-like structure is
associated with the fast growth of Cu-fcc crystallites under magnetic conditions. The small
amount of Co in the films electrodeposited under magnetic field suggests that the Cu tree-like

structure is formed with the simultaneous, low incorporation of the Co atoms.
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Fig.40. Chemical composition of the Co-Cu films electrodeposited on Cu/ITO substrate under HMF;
i = -20mA/cm, t = 1min, pH = 4

Moreover, following Karaagac etl. [189], the flower-like growth of electrodeposited Co-Cu
films, containing relatively high amount of Cu may be attributed to short range crystalline order
and diffusive growth of Cu. Therefore, the surface morphology is strongly influenced by the Cu
to Co ratio in the film.

In the mass-controlled region of Co-Cu deposition, the deposited mass of Cu increases
with increasing magnetic field. This is due to the MHD effect caused by a higher convection in
the electrolyte, as a result of already mentioned Lorentz force. An additional convection not only
increases the transport of €wand C4" ions towards electrode surface, but the rate of hydrogen
evolution is increased as well, affecting the growth of deposit. Hydrogen evolution causes gas
bubble stirring that changes the hydrodynamics and the mass transfer conditions in the vicinity of

the electrode surface. At the first step a Co-Cu layer is formed with a deposition at the fewer
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surface steps acting as nuclei. The localized flow of the metal ions to the growing flower-like

features leads to the coalescence of hydrogen bubbles, resulting in the branched flower-like
crystallites. Locally, high local current densities concentrated around the bubbles, due to their
non-conductivity, cause faster growth of finer flower-like crystallites. The microscopic current

distribution is changed due to the adsorption of hydrogen bubbles enhanced by superimposed
magnetic field, decreasing both conductivity and the effective electrode area. As a final result, the
current density distribution and coalescence of hydrogen bubbles create well-define tree-like

structure on different length scales, as seen in Fig.39 under 12T magnetic field.

I1.5. Conclusion

The objective of this Chapter was to investigate the correlation between structure and
electrodeposition parameters that affect the film growth. In the present work, the examinated
deposition parameters include electrolytic pH, substrate type and deposition time. Moreover, the
effect of an applied external magnetic field during the electrodeposition process on the
microstructure formation is determined. Additionally, the electrochemical kinetics and dynamics
investigations have been provided, as an example of another approach that allows
comprehensively understands the formation and growth of the electrodeposited Co-based films.

The considered pH values include two levels, referring to low (2.7), and high (4.7) pH. It
is shown that both structural features: phase composition and surface morphology of Co and Co-
Ni films are strongly influenced by the electrolyte pH. In both cases, the electrodeposited films
consist of two crystallographic structures of cobalt: hexagonal closed-packed (hcp) and face
centered-cubic (fcc). The differences observe in the phase composition and surface morphology,
according to the pH level may be explained by the hydrogen evolution reaction and adsorbed
intermediate species, such as cobalt and nickel hydroxides, at the cathode surface.

During the electrodeposition of Co and Co-Ni films on Ti substrate, most of the films
were characterized by the rough surface. In order to decrease this undesired effect, the Ti
substrate has been changed for a thin glass substrate covered by indium tin oxide and reinforced a
seed-layer of Ni. The microstructural investigations show that the substrate type affects the phase
composition of Co and Co-Ni deposits. Electrodeposited Co and Co-Ni films on Ti are

characterized as biphasic, hcp and fcc. The Co film deposited on Ni/ITO possesses only the hcp
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structure, while in the case of Co-Ni film the predominant phase is fcc. The phase composition
differences are confirmed by the examination of surface morphology, which indicates presence of
film crystallites in the particular form associated with each crystallographic structure of Co.
Furthermore, the surface quality is improved and more homogeneous, less rough films are
obtained. Moreover, the morphological characteristic show that decreasing deposition time from
4 to 1 minute brings about reduction in the crystallites size. The deposition time has an effect on
the early stages of electrodeposition. Thus, the nucleation process is dominanted, resulting in the
nanocrystallite films.

In Chapter I it is discussed that a superimposition of an external magnetic field during the
electrodeposition may be another parameter influencing the deposition process, and thus, the
microstructure formation of electrodeposits. In this work, the effect of an applied parallel
magnetic field, up to 12T, on the microstructure formation and growth of Co and Co-based films
Is studied. It is shown that an applied magnetic field does not influence on the phase composition,
but modify the relative diffraction peak intensity. An exceptional case is the electrodeposited Co-
Ni film on Ti substrate, where in comparison with the Co-Ni deposited on Ni/ITO substrate,
some compositional changes under magnetic field conditions can be observed. In this case, the
influence of magnetic field is similar as that of low pH, where the privilege growth in (220)
direction is noticed. Thus, the secondary effects of magnetic field, as for example, on the pH
value in the vicinity of electrode surface, are responsible for the structural modifications.

A superimposed magnetic field reduces the crystallites size and layer roughness
significantly, resulting in more homogeneous surface. The result is clearly induced by the MHD
stirring of the electrolyte, which reduces the thickness of diffusion layer and in turn improves a
mass transport toward the electrode surface. Some interesting morphological features under
superimposed magnetic field are observed in the electrodeposited Co-Cu and Co-Ni-Cu films.
The Co-Cu and Co-Ni-Cu films deposited without an applied magnetic field possess a
morphology consisting of mostly roundish shapes and initial stage of the dendritic structures.
After superimposition of an external magnetic field the flower-like features develop, which
consist of main branches with the shorter side-branches. This is related to the increase of Cu
content in the films under magnetic conditions. Therefore, a possible explanation for the flower-
like growth in the surface morphology of the Co-Cu and Co-Ni-Cu films may be the diffusive

growth of Cu and hydrogen evolution, which is favoured under magnetic conditions.
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Furthermore, the results reveal the anomalous co-deposition process of Co-Ni films. The
anomalous deposition behaviour is slightly affected by the magnetic field. The additional
convection in the electrolyte, induced by the magnetic field, enhances the deposition rate through
the MHD stirring. Thus, higher amount of Co in the Co-Ni films in the presence of magnetic field
is observed. In the mass-controlled region of Co-Cu and Co-Ni-Cu deposition, the deposited
mass of Cu increases with increasing magnetic field.

The effect of an external magnetic field on the electrochemical kinetics and dynamics of
electrodeposition process of Co, Co-Ni and Co-Cu films, respectively, is investigated.
Considering the electrochemical kinetic behaviour, investigations are based on the
chronoamperometric study, where the current-time transient of Co is investigated and nucleation
mode is determined. The result shows that the behaviour of nucleation is relatively close to the
instantaneous mechanism, but with a non-negligible deviation from the theoretical model. This is
explained in terms of hydrogen reduction. The differences observed in the current-time transients
of electrodeposited Co and Co-Ni films are due to the change of hydrodynamic conditions in the
electrolyte under magnetic field superimposition. The instantaneous nucleation mode of
electrodeposited Co and MHD effect on the nuclei growth of Co-Ni films are confirmed by the
topographical AFM analysis.

From the electrochemical dynamic investigations of Co-Cu system it has been shown that
a homogenous magnetic field does not practically modify the charge-transfer parameters of the
process. The weak effects observed in the presence of magnetic field are only due to the change
of the electrode area during the metallic electrodeposition and to the effect of MHD convection.
In a magnetic field the MHD convection enhances the mass transfer raté*afn@doCd"* ions
toward the electrode surface as well as hydrogen. The hydrogen is adsorbed at the active sites of
substrates, blocking them for the metal ions reduction. Thus, the conditions of electrodeposited

substrate surface are changed and the electrochemical respond is modified.

107



Chapter 111

Application approach
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II1.1. Introduction

Thin films based on the ferromagnetic metals and their alloys are proved to be very
promising materials from the application point of view. A great deal of experimental
investigation results of the thin ferromagnetic film properties, such as structure, phase
composition, electroconductivity, magnetoresistance, the Hall effect, etc., has been accumulated
recently. The investigations often concern the study of structure and its influence on the magnetic
properties, which can be changed in certain range, by varying the content of alloy elements as
well as its structure and phase state. Most of the magnetic materials are prepared by physical
means of deposition, such as molecular beam epitaxy (MBE) or sputtering. The electrochemical
ways of deposition are an interesting alternative to these techniques, because they are easier to
handle and much cheaper. There are already examples, where properties similar to those obtained
for vacuum grown samples are observed [190-192]. In addition, electrochemical routes of
preparation allow growing structures with high aspect ratio, which are not possible to obtain by
MBE deposition. Nevertheless, electrochemical techniques share with the other techniques a high
sensitivity of the samples magnetic properties on their crystallographic and chemical structure.
Therefore, a detailed structural characterization of the electrodeposited films is of prime
importance to understand the properties of samples. Among many methods to impose the desired
structure and magnetic properties, magnetic field processing has been given special attention in
the last few decades. However, up to date, only a few high magnetic field annealing experiments
(in the magnetic field of several Tesla) have been done on magnetic materials, and the
mechanism through which the high magnetic annealing field plays a role on microstructure and
magnetic properties are still unclear. The annealing treatment may cause phase transition, alloy
formation, change of Curie temperature and enhances diffusion at the interface, which adversely
affects the magnetic properties.

The followed Chapter - Application approach, is introduced in this thesis in view of the
COMAGNET project, based on the magneto-science fields. TREBMAGNET project is
developed by two research groups: Laboratoire d’Ingénierie et Sciences des Matériaux (LISM) at
University of Reims Champagne-Ardenne in France, and Key Laboratory of Electromagnetic
Processing of Materials (Ministry of Education) at Northeastern University in Shenyang, China.
The main interest of this project is to develop Co-based magnetic alloy films and/or oxides, by

use of an external magnetic field. The considered here alloy films are CoX, where X stands for
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Cu, Ni, Fe, Cr, Pt, etc., whereas, the oxides of interest are, for exampleO¢ okt different
application destination, such as: permanent magnets, magnetic recording media, magnetoresistive
and giant magneto-optical materials. The major objective cE@MAGNET project is to show
that the magnetic properties (coercivity, saturation magnetization, magnetic anisotropy) may be
modified by a superimposition of a high magnetic field (HMF) during fabrication process.
Originality and innovative aspect of this project is to couple two processes carried out under high
magnetic field:
» firstly, development of Co-based alloys and oxides in the nanoscale range by the
electrochemical deposition under high magnetic field,
» secondly, performance of the thermal treatments or oxidation of electrodeposited
Co-based materials in the presence of magnetic field under controlled atmosphere.
The aim of coupling both, magneto-electrodeposition and magnetic annealing processes is to
improve the functionality of Co-based materials.

As it has been already discussed in Chapter | and shown in Chapter IlI, the
electrodeposition process of thin films under magnetic field may affect the surface morphology,
crystallographic phase composition and physical properties of the material. It is generally
accepted that the magnetic field promotes to obtain denser and more homogeneous deposits, with
reduced grain sizes. Moreover, the magnetic field becomes an alternative for brighteners and
leveling agents usually added to the electrolytic solution. In the case of deposited cobalt and/or
Co-based alloys, such as Fe-Co, a superimposition of magnetic field may modify the
microstructure and thus, the magnetic properties of material. On the other hand, materials
produced by the electrodeposition technique require thermal treatments under controlled
atmosphere in order to improve their functionality. Thus, the part of project focused on
electrodeposition under high magnetic field has been coordinated by the LISM Laboratory in
Reims, while that on magnetic thermal treatments has been realized by the EPM Laboratory in
Shenyang, which possesses significant experience in the field of metallurgy under high magnetic
fields, such as solidification, diffusion, and reactions at the film/substrate interface.

From this standpoint, the followed sections consider investigations of:
» effects of magnetic annealing treatment on the microstructure of as-deposited
films,
» magnetic properties of as-deposited and post-annealed Co-based films under

magnetic field.
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I11.2. Methodology

The electrodeposited systems considered in this Chapter are listed in Table 7, together
with the electrodeposition conditions. The magnetic measurements have been done using
Alternating Gradient Force Magnetometer (AGFM) and Vibrating Sample Magnetometer (VSM)
(Annex II1). For each sample, two measurements were performed: with the magnetic field
applied in the sample plane (labelled as “in-plane”) along two orthogonal directions, and a third
measurement with the magnetic field applied perpendicular to the sample plane (labelled as “out-
of-plane”). In all cases, the two in-plane directions turn out to be the same, meaning that there

does not seem to be any preferential direction in the sample plane.

Table 7. The electrodeposition conditions of Co-based thin films subjected to the magnetic
annealing treatment and magnetic properties analysis.

Solution | Current | Deposition Magnetic
Chemical Concentration | Solution temperature | densit time field
System agent mol/L pH R Y : amplitude
C mA/cn? min T
Seed-layers
NiSO,7H,O 0.6 )
Ni / ITO HBOs 0.4 2.1 30 10 1 0
CuSQ6H,0 0.03
cu/ITO HsBO; 0.4 4.0 50 20 5 sec 0
Films
. CoSQ7H,0 0.6 )
Co/Ni /ITO HaBO; 0.4 4.7 50 10 1 <1
CoS(,7H,0 0.2
N NiSO, 6H,O 0.7 )
Co-Ni/ITO H4BO; 0.4 4.7 50 10 1 <12
saccharin 0.015
CoS(,7H,O 0.4
Co-Cu/Cu/ITO CuSsQ 6H,0 0.03 4.0 50 -20 1 <12
H;BO; 0.4
CoS(,7H,0 0.01¢
Co-Ni-cu/cu/ITO | NiSOy 6H,0 0.2 )
CuSQy 6H,0 0.01 4.0 50 20 1 <1
H;BO; 0.4

The Co and Co-Ni films were heat treated at 673K, while the annealing temperature of Co-Cu
films was set up at 623K, both lower than the Curie temperature of cobalt, which is 1388 K. The

annealing treatment was carried out during 4h under a protective atmosphere of high purity
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argon, and then cooled down tthe room temperatureA vertical furnace placed inside
superconducting magnetas used (Fig.4). The direction of an external magnetic field \

perpendicular to the films gace and th applied magnetic flux densityas OT, 6T, and 12T,
respectively.
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Fig.41 Schematic view of the annealing setup under high magnetic

I11.3. Electrodeposited Co/Ni/ITO films

111.3.1. Annealing treatment effect on structure and morphology

The electrodeposited Co/Ni/ITO films, with and without an external magnetic
presented wider elsewhere (Fig - Chapter 11.4.1.2), were then annealed under high mac
field. Since the X-rayliffraction analysis have not shown any structural changes, regardle
the magnetic field amplitude (up to 1T) during electrodeposition, only one example-
depositedCo/Ni/ITO film, according to the magnetic annealing treatmeill be here discussed.
Figure 42 presents the phase composition of Co/Ni/ITO film electrodeposited withs
superimposed magnetic field and its modification by the magnetic annealing trt. As it can
be expected, the araleng treatment improves the stallinity of thedeposite films and the
FWHM narows down indicating an incre: of the grain sizeMoreover, the recrystallizatic

effectis preserved under superimposed magnetic fiering the process.
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Fig.42. X-ray diffraction patterns of the Co/Ni/ITO films before and after annealing under high magnetic
field; Electrodepositioni = -10mA/cn3, t = 1min, pH = 4.7; Annealing: t = 4h, T = 673K

In Fig. 42 a variation of the diffraction peaks intensity is observed, as well as slight segregation
of the biphasic peak aB2ngles about P6which confirms the presence of Co-(110)-hcp and Ni-
(220)-fcc phases under thermal conditions. Moreover, at lowangles highly intensive
biphasic peak of Co-(002)-hcp and Ni-(111)-fcc structures, is observed as well. The presence of
both Co and Ni phases in the range of considered &fbargles may be clearly seen in Fig.43,

which points out also that under magnetic annealing conditions the structural modifications are

not further observed.
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Fig.43. Zoom at the@angles, where the growth of biphasic diffraction peaks of Co/Ni/ITO films is
observedElectrodepositioni = -10mA/cn, t = 1min, pH = 4.7; Annealing: t = 4h, T = 673K

The presented above result is in a good agreement with the observation made by Bacaltchuk et
[193] and Sheikh-Ali efal. [194], who investigated effects of the annealing treatment on the
microstructure of ferromagnetic FeSi and diamagnetic ZnAl alloys films, respectively, and found
a similar effect.

During thermal treatment, diffusion phenomena can occur. Thus, it can be assumed that
due to an increased intensity of the Ni-(200)-fcc diffraction peak, as indicated in Fig.42, the
interdiffusion zone at interface of Co and Ni layers under annealing conditions could be
presented. The evidence for existence of diffusion regions between these two layers has been
determined in the case of thicker Co/Ni/ITO films [195], not included in this study. The X-ray
photoelectron spectroscopy (XPS) of the thicker Co/Ni/ITO films annealed with and without a
superimposed magnetic field is shown in Fig.44. Taking into account the concentration of Co and
Ni the estimated diffusion length increases from Qué2to 1.3um, when annealing is carried
out under superimposed 12T magnetic field. Some other proofs for the existence of interdiffusion
zone under thermal treatment are given by Khan and Bhatti [196] and El Abrj1&7]. In Ref.

[196], the authors investigated effects of annealing temperature on the magnetic properties of Cu-

capped ultrathin Co films. They results indicate the diffusion of Cu/Co into the Si substrate,
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which has been increased by increasing annealing temperature. Thus, the increased diffusion at
the interfaces of both Co and Ni layers during magnetic annealing treatment of thin Co/Ni/ITO
films considered in this work could be also expected.

100

—{—Co,0T
8o L —O0—Ni,0T
. ——Co,127
N ——Ni,12T
)
s 60 |-
il
©
S 40
[8)
c
S
20 |-
AX ot
0 AXor
1 1 1 1
0 500 1000 1500 2000

Distance (nm)

Fig.44. Composition distribution of the Co/Ni/ITO films along the cross-sediiostands for the
diffusion distance [195Electrodepositioni = -10mA/cnd, t = 4min, pH = 4.7; Annealing: t = 4h, T =
673K

Thank to the application of SEM and high resolution AFM techniques, useful complementary
information on the morphological structure of Co/Ni/ITO films could be observed (Fig.45). The
morphological structure of as-deposited Co film (Fig.45.(a)) is composed of hexagonal-shaped
crystallites, what is agreed with the XRD observation, revealing the monophasic - hcp structure
of Co/Ni/ITO films. Under magnetic annealing treatment (Fig.45.(b),(c)) the Co crystallites are
separated in the form of single grains, as evident from the AFM images. These grains are packed
very densely, roundish in shape and possess sizes at the nanometer range. Moreover, comparing
the scale along the AFM images, it can be clearly seen that thermal treatment improves the
surface morphology and a superimposed magnetic field during annealing reinforces this effect by

reducing the surface roughness, what in consequence gives more homogeneous Co/Ni/ITO.
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Fig.45 Morphological comparison of the Co/Ni/ITO bilayer thin film-deposited under 0T (a) and f-
annealed under OT (b), 6T (c) and 12T (d) magnetic 1
Electrodepositioni = -10mA/crf, t = 1Imin, pH = 4.7; Annealing: t = 4h, T = 672

I11.3.2. Determination of the magnetic properties

In order to determinéne effects of magnetic fields serimposed during electrodeposit
and annealingrocesses on the magnetic properties of Co/Ni/ITO films the hysteresis loog
recorded. Figure 46 indie the magnetic characteristic o-deposited Co/Ni/ITO filmslt is

observed that film deposited under 1T magnetic field appes the saturation more quickly th
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film deposited in its absence. Moreover, an increase in the coercivity figldfiidin 45 Oe (as-

deposited, OT) to 78 Oe (as-deposited, 1T), is noticed as well.
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Fig.46. Comparison of the hysteresis loops of Co/Ni/ITO bilayer films electrodeposited without
and with a superimposed magnetic figktkctrodepositioni = -10mA/c, t = 1min, pH = 4.7.

Due to the presence of an external magnetic field an alignment of magnetic moments or
production of ordered atomic pairs of unlike atoms along the direction of external applied field is
expected. Thus, the variation in coercivity field may occur. Furthermore, ¢dhadepénds on

various types of anisotropy, among which the shape anisotropy is very dominant and is of dipolar
origin, as stated by Diandra al. [198]. Hence, the higher coercivity of Co/Ni/ITO film
deposited under 1T may be attributed to an increased shape anisotropy exhibited by cobalt [199].
Both samples were then annealed under magnetic conditions and the hysteresis loops were again
recorded. In both cases, as-deposited under 0 and 1T Co/Ni/ITO films, a drop in approaching the

saturation and increase of the coercivity fields are observed (Fig.47).
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Fig.47. Comparison of the hysteresis loops of Co/Ni/ITO bilayer films electrodeposited under 0 and 1T
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and annealed under 0, 6 and 1Flectrodepositioni = -10mA/cni, t = 1min, pH = 4.7;

A slower approach to the saturation may be due to the increased intermixing of Co and Ni atoms
at the interfaces, since the XPS analysis (Fig.44) proved the existence of interdiffusion zone. An
increased Kfield is probably due to the mixed effects of recrystallization process and structural

modifications. Further annealing under magnetic conditions brings about a slight increase of the

Annealing: t = 4h, T = 673K
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H¢ (Fig.48), what is most likely to be caused by enhanced increase of Co grains and structural

directionality. However, the presence of interdiffusion zone cannot be neglected as well.
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Fig.48. Comparison of the coercivity field of Co/Ni/ITO bilayer films before (as-deposited) and
after (post-annealed) annealing treatmEfd¢trodepositioni = -10mA/cn, t = 1min, pH = 4.7;
Annealing: t =4h, T = 673K

Extended analysis of the magnetic characteristics of post-annealed Co/Ni/ITO bilayer
films have been done by use of Magnetic Force Microscope (MFM). Figure 49 presents MFM
images of the Co/Ni/ITO films as-deposited and post-annealed, respectively, on the base of AFM
images presented in Fig.45. The magnetic structure consists of bubble domains, sometimes
affected by the granular morphology. Annealing at OT results in a magnetic image with almost no
contrast. Annealing under 6 and 12T magnetic field results in a magnetic image with some rather
well defined contrast. In general, the domains run in random directions in the film plane, i.e. no
directionality in the orientation of domains is observed. The domains are displayed as bright and
dark areas, which span several grains, but prove unambiguously that they have opposite
magnetization components perpendicular to the film surface. Apparently, there is a trend in the
samples that points to the appearance of some perpendicular magnetic anisotropy with field

annealing, even though the hysteresis loops do not show significant differences among the

119



samples (Fig.47), since the magnetic measurements based on AGFM/VSM techniques are the
volume analysis, examining all the layers occurred on the substrate (Fig.48).
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Fig.49. MFM analysis of the Co/Ni/ITO film&lectrodepositioni = -10mA/cn3, t = 1min, pH = 4.7;
Annealing: t =4h, T= 673K

The observed magnetic anisotropy is probably of the grain size origin. When the grains are larger
than their single-domain critical size an increase in tQasHobserved. Thus, the magnetic
domain structure determines the hysteresis loops of Co/Ni/ITO films, and the domains
configuration is affected by the surface morphology (Fig.45).
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I11.4. Electrodeposited Co-Ni films
111.4.1. Annealing treatment effect on structure and morphology

Figure 50 shows the X-ray diffraction patterns of electrodeposited Co-Ni/ITO film
annealed without and with an applied magnetic field. It can be seen that the diffraction peaks of
(111) and (200) are clearly defined, what confirms better crystallization of the deposit. It needs to
be noticed here that the growth of (200) fcc phase of Co-Ni alloy is not observed in as-deposited
sample. Thus, the appearance of this crystallographic plane under annealing conditions may give
an evidence for the recrystallization effect of thermal treatment. After annealing the Co-Ni fcc
structure and the preferred (111) orientation are preserved. An applied magnetic field during the

process does not affect the films structure, even when its amplitude rises up to 12T.
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Fig.50. X-ray diffraction patterns of the Co-Ni/ITO alloy films before and after annealing under high
magnetic fieldElectrodepositioni = -10mA/cn3, t = 1min, pH = 4.7; Annealing: t = 4h, T = 673K

Since the magnetic field was applied in the film plane during electrodeposition, therefore more
crystals grains are expected to have their easy axis of magnetization parallel to the Co-Ni axis.
That is obvious from an increase in the (111) peak intensity of more prominent peak along the
(111), when high magnetic field during electrodeposition was superimposed (Fig.51). Under high

magnetic field electrodeposition the intensity of (111) plane increases slightly with increasing
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field amplitude. During annealing process the strong growth of (111) diffraction peak is

observed, which is preserved, when magnetic field is superimposed.
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Fig.51. Dependence of the crystal orientation index Y(111) of Co-Ni fcc phase on magnetic flux density.
Be — magnetic field during electrodeposition;yB- magnetic field during annealing;
Electrodepositioni = -10mA/cni, t = 1min, pH = 4.7; Annealing: t = 4h, T = 673K.

As it has been shown in the work of Liat [200] the high magnetic field annealing tends to

align the c-axis of crystals along the direction of annealing field. The density of crystals with c-
axis along the magnetic field direction has been noticed to be twice random than that in the
samples annealed without a superimposed magnetic field. As a conclusion is was stated that
samples annealed without a magnetic field do not show uniaxial crystal anisotropy. In contrary,
the texture analysis indicated that annealing under high magnetic field does improve the
orientation distribution of crystal and the uniaxial anisotropy is expected for the magnetically
annealed samples. Thus, the observation made in this work is in a good agreement with the
results shown in [200]. Furthermore, the annealing treatment causes the recrystallization of film
nucleus, as indicated on the X-ray diffraction patterns by narrower FWHM of the (111)
diffraction peak. As a result, the compact and homogeneous structure is obtained (Fig.52). It can
be assumed that the increased compactness may be a consequence of a low volume of disorderly
arranged atoms in the grains boundaries formed under magnetic annealing conditions, as
compared to the grains themselves. Thus, it may be assumed that magnetic properties may be

changed along the as-deposited and post-annealed Co-Ni/ITO samples.
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Fig.52 Morphological comparison of the electrodeposite-Ni/ITO films before and after annealil
processElectrodepositior i = -10mA/cni, t = 1min, pH = 4.7; Annealing: t = 4h, T = 67%

11.4.2. Determination of the magnetic properties

Figure 53indicates the magnetic characteris of asdeposited C-Ni/ITO film annealed
under high magneticidlds. It is observed that an approacl saturation magnetization
annealed fins under magnetic coitions is slightly quicker achievethan that of the samp
annealed without a superinsed magnetic field. Thisiay be caused by appearance of the ni
formed CoNi phase in (200) direction. When annealing treatment is carried out under m.
conditions the growth of (200) diffraction peak is htly enhanced (Fig.t), thus an approach in
sauration magnetization is fas. According to Tian eal. [201], it is mainly because all the (
and Ni atomsggrown in this directiorhave turned into Co-Ni alloynder magnetic condition
thus this approach isaturation magnetization will not increase so mucen though the higher

magnetic field willbe further superimpos.

123



normalized magnetic moment (emu)

200  -150  -100 -50 0 50 100 150 200
magnetic field (Oe)

Fig.53. Hysteresis loops of the post-annealed Co-Ni/ITO films deposited without magnetic field;
Electrodepositioni = -10mA/cns, t = 1min, pH = 4.7; Annealing: t = 4h, T = 673K.

Regarding on the coercivity field, it is reduced under magnetic annealing conditions (Fig.54).

Since the coercivity is sensitive to the phase, disfigurement, stress, thickness of films, etc., the
possible explanation may lay down in the internal stress of as-deposited sample. As it has been
discussed in Chapter Il, during electrodeposition process besides the reduction of metals the

simultaneous hydrogen evolution is observed, which may be adsorbed in the Co-Ni films.
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Fig.54. Coercivity field of the as-deposited Co-Ni/ITO films after annealing process;
Electrodepositioni = -10mA/cn3, t = 1min, pH = 4.7; Annealing: t = 4h, T = 673K.
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Thus, the adsorbed hydrogen is probably separated out during thermal treatment, reducing the
internal stress and disfigurement. Furthermore, the Co-Ni films were deposited directly on the
ITO substrate with an addition of saccharin, which improves the adhesion ability of the films at
the substrate surface. Further action of this additive is to reduce the stress in deposit. Hence, the
decrease of Hby magnetic annealing in the as-deposited Co-Ni film may be also related with the
residual strain appearing in the film. In other cases of as-deposited Co-Ni films under 6 and 12T,
the observed variation in values of coercivity field under magnetic annealing conditions may be
due to the linked effects of stress-free character of as-deposited films and recrystallization

process.

I11.5. Electrodeposited Co-Cu/Cu/ITO filins

The investigations of magnetic annealing treatment of Co-Cu/Cu/ITO films reveal the
phase segregation under annealing conditions. The as-deposited Co-Cu/Cu/ITO film is biphasic,
composed with Co-Cu-fcc phase grown simultaneously with that of Co-hcp phase (Fig.55). An
intensive (111)-fcc diffraction peak indicates that the growth of Co-Cu film is mainly oriented in
this direction. Under annealing conditions the (111) plane is disintergrated and very broad
diffraction peak in the range oB2ngles of 44— 48 is observed. The XRD analysis indicates
presence of three phases in this region: Co-(100)-hcp, Co-(111)-fcc and Cu-(111)-fcc. Moreover,
other diffraction peaks, Co-Cu-(200) and Co-Cu-(220)-fcc+Co-(110grepshifted towards
higher D angles, indicating growth of single Cu phase under annealing conditions. A

superimposed magnetic field preserves the induced structural changes.
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Fig.55. X-ray diffraction patterns of Co-Cu/Cu/ITO alloy films before and after annealing
under high magnetic fieldElectrodepositioni = -20mA/cns, t = 1min, pH = 4;
Annealing: t = 4h, T = 623K.

The morphological investigations give an evidence for the observed structural modifications. The
morphology of as-deposited Co—Cu films annealed afterwards under magnetic conditions is
presented in Fig.56. The Co-Cu film deposited in absence of the magnetic field has a morphology
consisting of mostly roundish shapes and initial stage of the dendritic-like structures. For the Co-
Cu film deposited under 1T magnetic field, the dendrites and their outgrowth is developed,
consisting of main branches with the shorter side-branches formation. The SEM images of post-
annealed samples indicate improved growth of these features. As it was discussed in Chapter II,
development of the dendritic-like structure of Co-Cu films is of chemical composition origin.
Therefore, a possible explanation for the enhanced growth in the surface morphology of films
might be the diffusive growth of Cu under annealing conditions. Moreover, it is observed that it
is improved by a superimposition of magnetic field. Since, the film consists mainly of Cu
structure, thus, the phase composition under magnetic annealing conditions is changed.
Furthermore, the XRD analysis indicates growth of Co-hcp phase, what may mean that along the

Co-Cu films with high Cu concentration, the regions with high amount of Co atoms exists.

126



sited, 1T :ﬁ_

e gt LA
A o
-

T . b

EHT = 18.00Kv

T
=1 wp= emm

o6

Dute 27 e 2011 2E1ns] kKl EHT = 15,00 k¢ Signal A= Irens Date 27 O 2018
Time 92551 WD= Gmem Time 38:57

[
EHT = 15.00ky

EMT = 16004y Sigral A SE2 Dite 27 e 2011 = Date :27 0 2011 —
| o= swm Tine $24:15 t | wo= anm Time 24245

R R AT DT T S L R T

Fig.56.Morphological changes as-deposited Co-Cu/Cu/ITfdms by the annealing proce
under magnetic fie; Electrodepositioni = -20mA/cn3, t = 1min, pH = 4;
Annealing: t = 4h, T = 623K.

Apartfrom morphological and strtural properties, the C&u films grownunder magnetic field
have different magnetic properti Figure 57shows the hysteresis loops for the-Cu/Cu/ITO

samples electrodeposited under superimposed magnetic field, measthe film plane. It can
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be clearly seen that it is harder to magnetise the Co-Cu film grown under superimposed magnetic
field. A drop in approaching the saturation magnetization and increase of hysteresis field is
observed, when the Co-Cu films are deposited in the presence of external field. This effect can be

attributed to the change of Co:Cu ratio in the film caused by the electrodeposition conditions.
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Fig.57. Comparison of the hysteresis loops field of Co-Cu/Cu/ITO alloy films electrodeposited without
and with an applied magnetic fieltectrodepositioni = -20mA/crd, t = 1min, pH = 4;

When deposition is carried out without an applied magnetic field the chemical composition of
Co-Cu film is almost equal for each element (Fig.58). A superimposed magnetic field enhances
the deposition rate of copper ions, suppressing that of cobalt. Thus, the Co-Cu films consist
mainly of copper crystallites with low incorporation of cobalt nucleus, what is seen in the X-ray
diffraction patterns (Fig.55). An evidence of decreasedal increased Hn dependence on
Co:Cu ratio is given by Karaagac @t [44,184], whose EDX results have shown that they are
strongly affected by increasing amount of non-magnetic Cu component in the film that result in
the increased density of dendritic structure as well. Furthermore, the topographical AFM analysis
reveals clearly the transition of Co-Cu film crystallites with an increase of magnetic field during

electrodeposition (Fig.58). It can be seen, that under external magnetic field the form of Co-Cu
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crystallites is changed, from small and rather round particles in much larger rhombic-like

features, as observed under 12T magnetic field.

C0;-CUgs
W

Fig.58. Topographical characteristics of the Co-Cu/Cu/ITO films electrodeposited under high magnetic
field. Images were obtained by applying a differentiation procedure to the AFM images by Nova software;
Electrodepositioni = -20mA/crd, t = 1min, pH = 4.

Since the Co-Cu dendrites are grown in the (111) orientation, perpendicular to the substrate
surface, they significantly affect the film thickness and surface roughness, which both strongly

increase under magnetic field deposition (Table 8). Thus, for the Co-Cu films deposited under the
field higher than 3T the magnetic investigations brings about the anti-hysteresis curves, where no

saturation magnetization and hysteresis field was observed.
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Table 8. Characteristic features of the Co-Cu/Cu/ITO films influencing magnetic properties.

Magnetic _ . T
field Nucleus size, Thickness, Roughness, Coercivity field,
, nm nm nm Oe
T
0 610 350 37 110
1 750 389 90 115
3 810 450 138 200
6 890 500 143 i
9 910 700 154 )
12 920 860 173 -

I11.6. Electrodeposited Co-Ni-Cu/Cu/ITO films

Figure 59 presents the in-plane hysteresis loops of Co-Ni-Cu films deposited with and
without an applied magnetic field during electrodeposition. Both samples are full saturated in the
high magnetic field. However, the Co-Ni-Cu film deposited under 1T magnetic field is
characterized by achieving lower saturation magnetization and coercivity field. This is related
with the chemical composition of Co-Ni-Cu films, which is affected by magnetic depositon
conditions. An applied external magnetic field causes a decrease of the content of ferromagnetic
Co and Ni from 61wt.% and 25wt.%, respectively (when no magnetic field is present), down to
52wt.% and 13wt.%, respectively, (under 1T field). At the same time the content of copper
increases, from 14wt.% (0T) up to 35wt.% (1T). Furthermore, the crystallographical

characteristic of Co-Ni-Cu film is changed, as indicated by topographical images (Fig.59).
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Fig.59. Comparison of the hysteresis loops measured in-plane of Co-Ni-Cu/Cu/ITO films electrodeposited
without and with an applied magnetic fieElectrodepositioni = -20mA/cni, t = 1min, pH = 4.

Similar, as in the case of binary Co-Cu films, an increased amount of Cu in the layer affects the
crystallite growth, which under magnetic field is of dendritic nature. The development of
dendritic-like structure under magnetic conditions brings about to improve the surface roughness,

which in turn affects the magnetic properties of Co-Ni-Cu films (Table 9).

Table 9. Characteristic features of the Co-Cu/Cu/ITO and Co-Ni-Cu/Cu/ITO films influencing magnetic

properties.
Magnetic ) )
field Nucleus size, Thickness, Roughness, Hc, M,
' nm nm nm Oe emu
T
Co-Cu/Cu/ITO in-plane in-plane
0 610 350 37 125 3510°
1 750 389 90 230 2610°
Co-Ni-Cu/Cu/ITO in-plane | out-of-plane
0 480 432 171 180 | 500 3m*
1 640 465 224 100 | 460 g*
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A superimposed magnetic field during electrodeposition reduces the hysteresis field and slows
down the approaching of saturation magnetization however, comparing to that of Co-Cu system it
is clearly observed that alloying Co-Cu with Ni certainly improves the magnetic properties of
deposited films. Moreover, it is interesting to see that Co-Ni-Cu film deposited under 1T
magnetic field possesses almost identical crystallographical characteristic as binary Co-Cu film
deposited under 12T (Fig.60). Thus, it is assumed that magnetic properties of Co-Ni-Cu films
deposited under higher than 1T magnetic field would be greatly modified.

Fig.60. Topography of (a) Co-Cu under12T and (b) Co-Ni-Cu under 1T magnetic field;
Electrodepositioni = -20mA/cn3, t = 1min, pH = 4.

An interesting behaviour is observed, when determining the magnetic measurements of sample in
out-of-plane direction to the film surface. Both samples, deposited under 0 and 1T magnetic field,
share a similar behaviour with a slow approach to saturation magnetization (Fig.61). Moreover, a
clear perpendicular anisotropy, marked by the presence of a relatively large coercive field
(approximately 500 Oe) is observed. For the Co-Ni-Cu film deposited under 1T magnetic field
the reduced perpendicular anisotropy is seen, and lower coercivity field is achieved (Table 9).
The results indicate that easy-axis direction of magnetization is parallel and hard-axis is
perpendicular to the film plane.

132



0.0025

C0g;Ni»sCu, /
0.0015 / //
0.0005 //
-0.0005 /
CO52Ni13CU/
-0.0015 /,
/ — As-deposited, OT
—— As-deposited, 1T
-0.0025 '

-10 -5 0 5 10
H, kOe

M, emu

Fig.61. Comparison of the hysteresis loops measured out-of-plane of Co-Ni-Cu/Cu/ITO films
electrodeposited without and with an applied magnetic field,;
Electrodepositioni = -20mA/cn3, t = 1min, pH = 4.

II1.7. Conclusion

The magnetic annealing treatment of electrodeposited Co/Ni/ITO, Co-Ni/ITO and Co-
Cu/Cu/ITO films, respectively, in dependence on microstructure has been investigated.
Furthermore, the magnetic properties of mentioned and additional Co-Ni-Cu/Cu/ITO films have
been determined.

It is shown that the crystallographical structure of as-deposited films is improved by
annealing treatment. Moreover, it is preserved under superimposed magnetic field during process.
Furthermore, it has been shown that annealing processing induces intermixing between seed (Ni,
Cu) and secondary layers deposited on ITO substrate, which is enhanced under magnetic
conditions of the process. Hence, the magnetic properties of as-deposited samples are strongly
affected.

The magnetic field annealing has affected the magnetic properties of Co/Ni/ITO and Co-
Ni/ITO films by minimizing the magnetic anisotropy energy of the systems due to the stress
relief between grains and directional atomic pair ordering. The direction bonds of dissimilar

133



atoms (Co, Ni) in the films may affect their asymmetric distribution under superimposed
magnetic field, when supposing that its strength is sufficiently high. Furthermore, the magnetic
field annealing decreases the dipole magnetostatic interactions of the metal atoms due to the
redistribution of pair ordering directions, which are perpendicular to the magnetization direction
in each domain, as in the case of Co/Ni/ITO films. Interestingly, an in-plane magnetic anisotropy
in the investigated films was always obtained, which origin is seen in a preferential same-like
atoms couples formation under magnetic annealing conditions.

A superimposed magnetic field affects the magnetic properties of as-deposited Co-
Cu/Cu/ITO and Co-Ni-Cu/Cu/ITO films. The magnetic measurements revealed that magnetic
properties of the films depend on the film composition, mainly on the amount of non-magnetic
Cu component, which varies under magnetic field conditions. Thus, the morphological and
structural changes are observed, which increase the surface/volume ratio and enhance the shape
anisotropy.

A detailed knowledge and understanding of the grain structure, magnetic domain structure
and the correlation between these features are not only basic research interest, but also of
practical significance. From the practical point of view, they are important for tailoring of the
materials with the required properties, as indicated in this Chapter. The presented here results are
useful for possible production of the Co-based films with a range of magnetic properties for
applications, when considering sensors and recording media.
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Chapter IV

Theoretical study
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IV.1. Introduction

Understanding and control of the evolving surface morphology of different growth modes
of electrodeposits is the essential issues in the field of surface science. This especially accounts,
when considering a potential application approach, where the microstructure plays a significant
role in determining the material properties. Although many aspects of the growth behaviours and
material properties have been studied extensively, the investigation of how to obtain ordered
structures with better performance is still necessary.

As it is discussed in Chapter | and shown in Chapter Il, in the electrochemical deposition
process the hydrogen evolution reaction (HER) is one of the important electrochemical reaction
from both, theoretical and practical points of view. As it was discussed before, the HER may
affects strongly the growth mechanism of electrodeposits, determining their final structure and
morphology and thus, properties of the film. The research on HER necessary involves the
investigation of this side reaction on well-defined surfaces, what is identified as essential in order
to link the atomic-molecular-level properties of the electrochemical interface with the
macroscopic kinetic parameters. The interaction of with transition metals is of the
fundamental interest in the fields of hydrogen storage, catalysis and metallurgy. Especially the
adsorption of hydrogen on nickel, cobalt and iron is of considerable importance, as these metals
are used in hydrogenation (Ni) [202], ammonia synthesis (Fe) [203], or Fischer-Tropsch (Co and
Fe) catalysts [204]. Under reaction conditions, the surface of catalytically active metals is often
covered by hydrogen. Experimental evidence in support of the HER mechanism includes the
observation that the ionization potential of metal clusters increases upon adsorption of hydrogen
[205], the strength of the cluster (hydrogen bond) [206] and that the reaction between hydrogen
and metal cluster is irreversible at room temperature [207]. The provided density functional
theory (DFT) and quantum mechanics (QM) based calculations on transition metal clusters
present a real challenge in predicting the magnetic properties of such systems and the importance
of spin-orbit coupling and correlation effects. However, they give a huge possibility to design and
explain the growth of electrodeposited films under chosen electrodeposition conditions.

The aim of this theoretical study is to compile the theoretical results of adsorption of
hydrogen onto differentikl planes of both cobalt crystallographic structures: hexagonal closed-
packed (hcp) and face centered-cubic (fcc), as well as to determine the preferred adsorption
surface and site. In the next order, the relation between computational results and that of
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experimental ones is made, in order to explain the growth of electrodeposited cobalt, which is
further studied in the experimental study in Chapter Il. As known so far, this work is the first one,
which considers the hydrogen adsorption on both crystallographic structures of cobalt: hexagonal
and cubic, including various surfaces and supported by the QM/DFT study with referring to the

explanation of experimental results.

IV.2. Role of the hydrogen evolution reaction (HER) in electrodeposition

During electrodeposition process in agueous solution, hydrogen evolution occurs as a
parallel process that consumes part of the applied current and reduces the overall process
efficiency. This secondary process can affect the pH at the electrode-electrolyte interface and also
modifies the kinetics and mechanism of cobalt electrodeposition [208,209]. As a consequence,
the local pH rise can lead to the cobalt hydroxide precipitation over the electrode, which
interferes with the formation of metallic deposit, producing a porous structure [35,210,211] and
at the same time, may give a rise to the marked mechanical effects, such as hydrogen
embrittlement [212].

There are two generally accepted mechanism for HER during the deposition process of
the iron group metals and their alloys from the aqueous solution [49]: i) discharge (Volmer
reaction) (40) followed by Tafel recombination (41a) or ii) discharge (40) followed by

electrochemical desorption (Heyrovsky reaction) (41b):

M+H"+8 - M -H,_, (40)
2M -H,, - 2M +H, (41a)
M-H,,+H +8 - M +H, (41b)

The rate-determining step is determined by the strength of hydrogen bond with the to-be-
adsorbed surface. Reaction (40) is an adsorption step in which a chemicM-bbggs formed.

A major portion of the adsorbed reacts to give hydrogen molecules followed by a desorption
stage according either to reaction (41a), which implies thatiflaeatoms are mobile at the metal
surface, or to reaction (41b) in which a second proton is involved. A small portion of the

adsorbed hydrogen is adsorbed into the metallic laiM¢d.q9 as follows [49]:
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M - Hads - M (Hads) (42)

The interaction of hydrogen with the transition metal surface is a topic of considerable
experimental, theoretical and industrial interest. In genétgl, is considered to block active
sites that could otherwise be used for the formatioMe(fl)aqs Species. This is supported by the
studies conducted on Pt substrates that provide evidencedthatdsorbs onto and blocks
surface sites at the expense of the adsorbed iron-group metal intermediates, gsg.As{((Nds
[12].

1V.2.1. Hydrogen evolution reaction under magnetic field

The magnetically induced forces, which act inside the diffusion layer, affect also the
microstructure of the deposited layers. This is mainly caused by the co-deposition and adsorption
of hydrogen, which locally inhibits the layer growth. The magnetic fields support desorption of
the adsorbed and recombined hydrogen independent on their orientation. Consequently, the
inhibition of the local layer growth is reduced by magnetic fields and a more uniform layer can be
formed.

An effect of superimposed magnetic field on HER significantly affects the process. This is
manifested by a reduced electrode fraction covered by bubbles, reduced bubble size and narrower
size distribution. The effect can be divided into two categories: in parallel-to-electrode and
perpendicular-to-electrode surface. In the parallel to electrode surface magnetic field, the electric
and magnetic fields are perpendicular to each other resulting in a macroscopic convection due to
the Lorentz force acting in the bulk, i.e. a classical MHD efféectnéx 1). A bubble at the
electrode surface acts as an obstacle in the flow and a hydrodynamic drag acting on the bubble
will be induced [159,213,214]. This leads to a reduced bubble size and its faster desorption from
the electrode surface, and as a consequence depolarization of the electrode is noticed [213,215].
Moreover, the coalescence of bubbles is enhanced [216], which leads to their improved
desorption from the electrode surface. A schematic representation of these phenomena is shown
in Fig.62.
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Fig.62 Schematic representation of the current distribution together with direction of L
force (left hand side) and atecteristic convection patterns (right hand side) in the vicinity of a b
obtained in the parall-to-electrode magnetic field nfiguration. (Krause eal. [216])

This result is qualitatively the same as cned under forced convection [2. The authors have
also shown a dramatic reduction of the electrode fraction covered by the bubbles a
improved coalescence under forced convection condition. According to the work of Kal.
[217], the explanation for faster desorption rat hydrogen could be as follow: when a hydro
bubble is formed at the electrode surface, in its vicinity the current distribution is distorte
current lines are no longer perfectly normal to the electrode surface, but there is alsol-to-
electrode component (Fig.§8)). As a consequence Lorentz force is induced. The Lorentz
acting in the bubble vicinity induces a locad convection close to it (Fig..(a)). This effect is

analogous to a micrtHD effect [217).

Fig.63 Schematic rejesentation of the current distribution together with direction of Lol
force (left hand side) and characteristic convection patterns (right hand side) in the vicinity of ¢
obtained in the perpendiculto-electrode magnetic field configuration,(and surface tensions betwe
gas/liquid/solid irerfaces (b). (Koza et. [217])
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Following Wassef and Fahidy [2], the hydrogen formation can be divided in tF
zones with respect to the current density. The first zone corresponds to low currities,
where the hydrogen formation is negligible. The second zone characterizes moderate
densities, at which stagnant hydrogen bubbles are formed and adhere to the cathode su
third zone occurs at high overpotentials, where bubble fcon is very intensive and it is 1
longer stationary. When the deposition is carried out without a magnetic field the morphc
the deposits suggested that HER is in the second zone wheonary bubbles are forme
(Fig.64(a)) and adhere to the etrode surface.

Fig.64 Optical micrographs of CoFe deposits: (a) deposited without magnetic field and (b) deposi
B =1T [217].

The hydrogen bubbles will be desorbeom the electrode surface (Fig.(b)), if they reach
critical size. Thiscritical size depends on the surface tensions between bubble, electrode

and electrolyte:
Ys. = Vsg = Ve COSE (43)

where y, Vs and )y, are surface tensisnof solid/liquid, gas/solid and gas/liqt

interferences, respectively is a contact angle. Moreover, bubble might be removed fror
electrode surface only if its pressure is higher than the atmospheric and hydrostatic p
When a magnetic field is applied to the electrode, a localized convection introdi
hydrodyramic drag force, which acts on the hydrogen bubble, which is an obstacle in th
The contact angle increases (Fig.(b)) and smaller hydrogen bubbles can be removed froi
electrode surface. As a consequence, an enhanced des of hydrogen is bserved

(Fig.64(b)). Additionally it has to be mentioned that magnetic field induced convections ai
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complex already at flat electrodes without gas evolution especially in small cell geometries as
shown by Cierpka edl. [220]. After coalescence, the large bubble is immediately removed from
the electrode surface. This, in turn, induces micro-convective phenomena below the desorbed
bubble [221], the pressure field is affected and the bubble in the vicinity is sucked away from the
electrode surface.

Desorption of the hydrogen from the electrode surface might be also supported due to a
local field gradient force, which may act in the very vicinity of the ferromagnetic electrode. Such
a local field gradient force may arise due to the stray fields in the material [222], close to the
hydrogen bubble. Hydrogen is diamagnetic and thus is repulsed out of the magnetic fields [124].
As a result the equilibrium state for the HER is shifted because the partial pressure of hydrogen at

the electrode surface is reduced:

2
RT a.,.
0 In H

+ = + I
H, /2H H,/2H 2': sz

(44)

where E, . is the equilibrium potential of the HEFEf| .+ Is the standard potential of the

e
hydrogen electrode, R is the universal gas constant, T is temperatures the activity of the
hydrogen ions andp,, is the partial pressure of hydrogen. Kozaalet[223] investigated the

effect of a low magnetic field superimposed with parallel and perpendicular orientation relative to
the electrode surface on the electrocrystallization of Co, Fe and Co-Fe alloys. Their work
reported that in the case of perpendicular-to-electrode configuration, at moderate deposition times
during the deposition of Co-Fe alloys increased hydrogen evolution reaction current was
observed. This current enhancement for the HER was attributed to the faster desorption of
hydrogen from the electrode surface in the magnetic field, caused by the stray fields in the

ferromagnetic deposit which may lead to the local field gradients acting on the hydrogen bubble.

IV.3. Density Functional Theory (DFT) background

Density functional theory (DFT) describes the electronic states of atoms, molecules and
materials in terms of the three-dimensional electronic density of the system, which is a great

simplification over wave function theory (WFT), which involves A-dmensional anti-
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symmetric wave function for a system withelectrons. DFT has now become the preferred
method for electronic structure theory for complex chemical systems, in part because of its cost
scales more favourably with system size than does the cost of correlated WFT. This is true even
in organic chemistry, but the advantage of DFT is still greater for metals, especially transition
metals.

1V.3.1. Early Density Functional Theory: Thomas Fermi Model

A first approximation to studies at the atomic level was made using Newtonian mechanics
and classical electromagnetism. Due to the failure to explain the structure and complexity of
atomic systems, new theories had to be proposed. Thomas and Fermi gave the first formal
derivation of a density functional approach for a system of electrons in an external potential, due
to nuclei [224,225]. In their model the total energy of an inhomogeneous electron gas is written

as a functional of the electronic densjyr). This was an initial approximation to the exact
solution of the many-electron Schrédingequation and the associated wave function

W, 1,0y ), and is the most primitive version of DFT.

Ere[o(N)] = Tre [o(0)] + E. [o(N)] + E.[o(F)] (45)

In the Thomas-Fermi (TF) model, the electronic dengify’) completely characterizes the

ground state of the system. As the TF model neglects exchange (included in the Hartree-Fock

method, as a consequence of the anti-symmetry of the wave function, i.e. the Pauli exclusion

principle) and the correlation effects; the energy functioEaJ[p(F)] is expressed as the
contribution of the kinetic energyT, - [p(F)]), the electron-nucleus attractioEeg[p(F)]) and
electron-electron repulsio(Eee[p(f)]). In the TF model, the kinetic energy is expressed as a

functional of the electronic densiyg(r) .
Telo(M]=Ce [ o> (F)aF (46)

hence, the energy functional can be written as follows:

Er[o(F)] :CFJ'p5’3(F)dF—ZJ.@dF +%”%dmri (47)
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with C, == (37° ¥'® = 2871 calculated from the jellium model. The TF model assumes that
" 1c

the electronic density(r) minimizes the energy function&, . [p(F)], with the constrain:
N =N [o(r)] = [ p(F)dr (48)

where integrating overp(r), gives the total number of electrond, Using the Lagrange

multipliers method in order to find a stationary point Ejio()] , using the constrain (48):

0

——|E ] - rdr-N|J[=0 49
50y Bl AT e ([ £(FrF N (49)
the variations in electronic density of the energy functidbal o(r)], can be expressed as an

Euler-Lagrange equation, where:

Ee[o(T)] _ 50
() HMre (50)
_ Ex[p(r)] :§ 203 (7Y _ o
MHe = 5’007) 3CFp (l’) ﬂr) (51)
where
an=2-] ) g (52)
-

Equation (52) can be solved using the density constrain (Eq.(48)), and the resulting density is
then inserted in Eq.(47), in order to give the total energy of the system. The TF model is a very
simple theory for describing total energies of atoms, which set up the foundations for a more
complex DFT [226,227].
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1V.3.2. Modern Density Functional Theory

For the case oN interacting electrons (in the ground-state), their interactions can be

described as the sum of the kinetic ene(jy, external potential(\?) and Coulombic(\?ee)

operators. The corresponding Hamiltonian oper(afb):
H=T+V+V, (53)

which can be expressed, in a similar way, in the following analytic form:

f :—;%Df+2v(ﬁ)+%zz L (54)

= Eienl

where v (; ) represents the external potential. The Hamiltonidndescribed in the equation
above, takes into account the adiabatic Born—-Oppenheimer approximation. The Born—
Oppenheimer approximation treats the atomic nucleus as being fixed in position, with respect to
the electronic motion, due to large mass differences between the atomic nucleus and the electron.
This represents a decoupling of the motion of the electrons and the motion of the nucleus; hence
one needs to solve the Schrodinger equation only for the electronic part [228]. The foundations of
modern DFT were published in the classic papers of Kohn and Sham [229]. They developed an
exact variational principle formalism in which ground state properties, such as: total electronic
energy, equilibrium positions and magnetic moments are expressed in terms of the total

electronic densityp(r). The theorems are explained below: Hohenberg and Kohn Theorem: the
ground state density(r) of a system of interacting electrons in some external poter{til
determines potential uniquely, as well as the ground state wave-fuggtion, ). This theorem

also states that: since electronic dengitfy’) determines total number of electrohsand the
external potential/(r) ; p(r) also provides full description of all the ground-state observables,
which are functionals ofo(r). Another statement of the Hohenberg—Kohn theorem states: the
ground energy &and the ground-state densip(r) of a system characterized external potential
v(r) can be obtained by using the variational principle (involving only the density). In other

words, the ground state energy €n be expressed as a functional the ground state density

E,[po()] otherwise the inequality prevails [226]:
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E, =Elo(N] <E,[0(F)] (55)

The theory also established the existence of a universal functigna(r)] which is independent
of the external potential(r') , i.e. which has the same functional form for any system considered.
The universal functionak[ p(r)] can be expressed as the sum of the kinetic energy of the gas of
non-interacting Kohn—-Sham electrofi[ o(r')]) , the Coulombic electron—electron interaction,
and the exchange-correlation tefd, [ o(7)]) as follows:

AL AN =T ]+ [ [ 2O ').Oirdrj +E A7) (56)

v

The E [po(F)] term is expressed as the sum of the correlationg 7 [ @)l the exchange
energy(E,[o(T)]) . In the E [ ()] term, the correlation enerdy [ o(T)] is expressed as the

difference between the true kinetic energlyo(r)] andT, [o ¢ )]

El 1] =T AN -TJ[p(r)] (57)
Therefore, the total energy of a systel, (o I (, Jnder a external potential(r') can be
expressed as:

E[AN] =F[p(M)] + [ p(f)v()dr (58)

Using the variational principle with the constraint (48) the ground state density satisfies the

stationary principle:
S[EML AP - [ p(F)dF =N =0 (59)
which gives the Euler—Lagrange equation:

ELOO] _ 1y 4 FLAD) (60)
9o(r) 9o(r)
From the Hohenberg—Kohn theorems, it was possible to derive the Kohn—Sham (KS) equations
[226,227,229]. The KS equations solve the problem of the complex many electron Schrédinger
equations, by transforming them into a setNokingle electron equations, which need to be

solved self-consistently.
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%D2+v(r)+f|p( )|dr1+v (], (1) = 4, () (61)

with an electronic density:
— N —\|2
p() =2 | (7)) (62)
i=1

where ¢, is a monoelectronic wave function. In Eq.(61), the exchange-correlation potential,
v,[n(r)] is expressed as the partial derivative of #g[p(r)] term, with respect to the

electronic densityo(r):

E AN _

o) Vel A(F)] (63)

This means that it is necessary to start from some initial electronic depgity (and)proceed

to solve Eq.(61). A new density, which is used to solved Eq.(61) until self-consistency is reached
[226,227,229]. DFT does not provide a description of how to construct the exchange-correlation

functional, E [ o()] it only stipulates the existence & [po(r)] as a universal functional of
the densityp(r) which is valid for all systems. Several approximations have been constructed
(for the accurate description of the exchange-correlation enerdyy(r)]) such as the local-

density approximation (LDA) [225]. This formulation is established in the original Kohn—Sham
theory, and the idea is that a system with inhomogeneous charge distribution is treated as having

a locally-homogeneous spatial uniform distributionagf’) :
EXTAN] = [ AT)e L o(r)dr (64)

wheree [ o(F)] is the exchange and correlation energy per particle of a uniform electron gas of

densitye. LDA offers a good level of accuracy for highly-homogeneous systems, and even for
realistic non-homogeneous systems; while one of the drawbacks is its overestimation of binding
energies for molecules and solids [230,231]. Some other high-level approximations to the
e lpo(r)] have been made, such as the generalized gradient approximation (GGA)
[230,232,233], for which the exchange-correlation energy (for a spin-unpolarized system) is
expressed as:
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E s A = [ 117, Dp(M]d 7 (65)

in which the densityo(r) is expanded in terms of the gradient)(operator. This approximation

is valid for systems with slowly-varying densities. In order to solve the Kohn—Sham equations, it
is usually needed to select a suitable (sufficiently large) finite basis set (in theory one will need an

infinite basis set for a precise description of the molecular orbital). The wave-fyctican be

expressed in terms of Gaussian-type-orbitals (GTOSs), in either cartesian or polar coordinates:
Y(1)= Ay Z" exp(-ér?) (66)

where A is a normalization constarit,determines the orbitak is related to the width of the
curve, and ther? gives the curve a Gaussian shape [234]. Finally, there are also hybrid

functionals, which mix HF and DFT exchanges.

1V.3.3. DFT literature review on the adsorption of hydrogen

Among the numerous theoretical calculation methodologies, DFT has been generally used
in many adsorption systems, and also, the calculated results were in good agreement with the
experimental results. In this regard, many researchers have studied hydrogen adsorption,
dissociation and diffusion on metallic surfaces. Pozzo and Alfe [235] studied the effect of doping
transition metal elements on hydrogen dissociation on Mg(0001) surface. Their calculation show
that doping the surface with transition metals on the left of periodic table eliminates the barrier
for dissociation of the molecule, but the H atoms bind very strongly to them, while transitions
metals on the right of periodic table do not bind H, but unfortunately they reduce the barrier to
dissociate H significantly. Huo etal. [236] investigated the hydrogen adsorption onto Fe(111)
surface and their found that there are three adsorption sites for H atom, that is: the top site, the
top-shallow bridge site and the quasi 4-fold site (Fig.65). Among them at all coverages the most
favoured one is the top-shallow bridge site, followed by the quasi 4-fold site. Furthermore, the

small diffusion barriers indicate that the H ad-atoms have a large mobility at the Fe(111) surface.
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Fig.65. H atom adsorption sites on Fe(111) surface (Huo et al.[236]).

Pasti etal. [237] has shown that the mobility of adsorbed H may be directly correlated to the
strength of adsorbate-substrate interaction. The relationship between the adsorption energies and
the mobility of adsorbate holds not only for clean transition metal surfaces, but also for metal
overlayers and subsurface alloys, as it was also shown by Wahd238]. The authors studied
kinetics and mechanism for the adsorption, dissociation and diffusion of hydrogen in nickel and
nickel/yttria-stabilized zirconia (Ni/YSZ) and they found that the migration of H-atom in the
YSZ slab was very high and that the existence of vacancy can enhance the diffusion of hydrogen
through the interface of the Ni/YSZ slab.

In particular, the interaction of hydrogen with cobalt surfaces has not been studied as
extensively as for example nickel or iron, however, the literature suggests that behaviour of
hydrogen on cobalt is similar to nickel. Based on work function measurements taken as a
function of surface coverage, Christmann [202] suggested that adsorbate-adsorbate interaction
exit for hydrogen on a Ni(111) surface and therefore, a similar surface coverage dependence on
cobalt would be expected. In one of the comparison between hydrogen bonding on nickel and
cobalt, Zotwiak etal. [239] indicated that hydrogen is significantly more strongly adsorbed on
cobalt, with a heat of adsorption 13-14.5 kcal/mol larger than that on nickel. Bridfg20]
reported the chemisorption energy of hydrogen on Co(0001) surface and found the sticking
coefficient of hydrogen adsorption was independent of surface coverageoad.fa At higher
coverages, the sticking coefficient was a strong function of surface coverage. The energetic
picture of hydrogen chemisorption over Ni(111) and Co-(001)-hcp quantified in the study of
Klinke and Broadbelt [241], suggests that metal-hydrogen bond strength are largely independent
of valence-electron occupation and surface coverage. Also, the observed differences in the
binding energy of hydrogen between the possible adsorption sites for both studied metals suggest

that the diffusion barrier of hydrogen on these surfaces is quite small.
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IV.4. Theoretical model of hydrogen adsorption at cobalt surfaces

It is well known that the determination of adsorption energies is one of the most
aspects of the gbkter modelling of surfaces [2]. For small clusters usually the adsorpt
energies oscillate with the cluster size even if the ing nature remains the me [243].
Another related problem is that for some systems the optimized geometric parameters s
there is a bond between adsorbate and metal cluster. However, from the energetic cons
the overall system cluster+adsorbate is unbond witrect to the dissociation limit with loc
minima on the energy surface [Z]. At the transition metal surfaces the hydrogen ust
adsorbs dissociatively. At temperatures higher than 80K this process takes place spont:
what means that the energyin due to the formation of two individual me-H bonds
(adsorption) surmounts the energy, which is required for the dissociation of molecule.
energy gain appears as a heat of adsorption and the energy of a siral-H bond can be
calculated [245].

IV.4.1. Calculation details

In the present work the interactions of H an” with Co surfaces are studied. For t
purpose the density functional theory (DFT) approach was used. The cobalt metal surfa
modelled by CaRIne 3.1 with upload sion to CaRIne 4.0 software [Z, which gave a
possibility to choose from the Bravais unit cells database, two varieties of a crystallo
structure related to the metallic cobalt: hexagonal an«-centered cubic. It must be noticed h
that due tahe schemes of Bravais lattice commonly present in the literature, the hcp stru

represeted by the model shown in Fig.

a =a,*a,
a, =120°
a,, =az =90°

a,

Fig.66.The Bravais lattice indicating hexagonal simple structure of ¢
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Because our background was the lattice database included into CaRIne software the ca
were limited to the 1/3 part of a whole system assigned to the proper Co hexagonal -
packed structure which is markon the model presented in Fig.6/he number of structur
isomers dramatically increases with increasing cluster size. Because structural inform:
both, bare and hydrogenated metal clusters is scarce, calculeave been done only for tl
systems containing 8 and 14 cobalt atoms, for which the number of p geometric isomers is

limited.

Fig.67.The Bravais lattice indicating a simple hexagonal structure of ¢
with marked calculation part.

By the Miller indiceshkl the crystallographic planes for each single cluster of both c
strudures were determined. Figure represents the surfaces of cobalt with determihkl
planes, which have been used during the calcula

Calculations were perform in the framework of density functional theorying the
GAUSSIANQ9 packages [2]. All calculations were done using the LANL2DZ basis set, w

treats the Co valence shell with a do--¢  basis set and all the reminder shell elecs with the
effective coe potential of Hay and Wadt [2]. The B3LYP hybrid functional as well as C/
B3LYP and PBE functionals were used. The B3LYP functional includes a mixture of I-
Fock (HF) and DFT exchange terms [Z] associated with the gradit corrected correlation
functional of Lee etl. [250]. The CAM-B3LYP functional is Yanai's eal. [251] long range
corrected version of B3LYP using the Coulc-attenuating method, while the PBE functione
the 1996 gradienterrected functional cPerdev, Burke and Ernzerhof [252,2].
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Fig.68. Crystallographic structures of cobalt with marked planes determined by CaRlIne 3.1 software and

geometrical parameters.
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The following computational procedure has been applied. Firstly, based on the fixed
atoms coordinates, which build a Co cluster and were obtained by CaRIne software, various spin
multiplicities were tried to find the more stable one with the smallest spin contamination. Next,
single atomic hydrogen and hydrogen ion were added to each crystallographic plane of Co
surface. The positions of hydrogen atom and hydrogen cation were allowed to relax, while other
atomic parameters were fixed to maintain a high degree of symmetry in the calculations.

The adsorption energies can be used to estimate the strength of an atom-surface
interaction and for determining the most energetically favourable adsorbing surface. The

adsorption energlaqs was calculated by the traditional equation:

Eads =E H/surface_(Esurface + EH ) (67)

wereEy is in this case the energy of hydrogen atom and/orEggaceis the energy of clean Co
surface andEysurtace iS the total energy of hydrogen adsorbed on the Co surface. Negative values
of Eags denote adsorption that is more stable than the corresponding clean surface and the free
atom.

The adsorption of H atom can be oriented on the cobalt surface toward three different
symmetrical sites: top, bridge and threefold. Hydrogen adsorbed on the stable site of a perfect
crystal distorts the positions of surrounding substrate metal atoms. As explained by Nigkar et
[254] mobility of adsorbed species on a transition metal surface, which is the functgg, of
might play a key role in the transport of species during the catalytic reactions, growth of the

surface nanostructures and many other important processes.
1V .4.2. Face-centered cubic structure

Table 10 contain the calculation results: system endgjyadsorption energyEfq9 of
hydrogen atom and hydrogen ion, and hydrogen adsorption sites developed at the different
crystallographic planes of hexagonal and cubic cobalt surfaces. The first calculations were related
with the choice of multiplicity value in order to obtain the lowest cluster energy. Considering the
Co-cubic cluster the proper ones were 29 for BSLYP and CAM-B3LYP and 31 for PBE
calculation methods. In the case of Co-hexagonal cluster the calculations determined multiplicity
of 19 for B3LYP and PBE and 21 for CAM-B3LYP methods.
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Table 10.Calculation results for the different planes of Co-cubic system.

System Calculation Multiplicity E Eads Adsorption
method Hartree kcal/mo site
B3LYP -0.49891
H CAM-B3LYP -0.49534
PBE -0.49588
H* 0.0
(L00) plane
B3LYP 29 -2031.21467
Coy CAM-B3LYP 29 -2030.12019
PBE 31 -2031.3628
B3LYP 28 -2031.81227 -61.9
30 -2031.80246 -55.8
Coyy+H CAM-B3LYP 28 -2030.75681 -88.7 bridge
30 -2030.74517 -81.4
PBE 30 -2031.95405 -59.8
32 -2031.94010 -51.0
B3LYP 29 -2031.61795 -253.1
CoptH" CAM-B3LYP 29 -2030.56613 -279.8 bridge
PBE 31 -2031.75043 -243.2
(L10) plane
B3LYP 29 -2031.14085
Coy CAM-B3LYP 29 -2030.02987
PBE 31 -2031.22902
B3LYP 28 -2031.74146 -63.8
30 -2031.74836 -68.1
Coy,+H CAM-B3LYP 28 -2030.60896 -52.6 bridge
30 -2030.63283 -67.5
PBE 30 -2031.83424 -68.6
32 -2031.82209 -61.0
B3LYP 29 -2031.55287 -258.5
Cou+H* CAM-B3LYP 29 -2030.46600 -273.7 bridge
PBE 31 -2031.62877 -250.8
@11) plane
B3LYP 29 -2031.17821
Coy CAM-B3LYP 29 -2030.09039
PBE 31 -2031.2846
B3LYP 28 -2031.77822 -63.4
30 -2031.77637 -62.3
Coyy+H CAM-B3LYP 28 -2030.71939 -83.9 3-fold
30 -2030.71455 -80.8
PBE 30 -2031.87681 -60.4 bridge
32 -2031.87422 -58.8
B3LYP 29 -2031.60829 -269.9
Co+H" CAM-B3LYP 29 -2030.55600 -292.2 } 3-fold
PBE 31 -2031.68324 -250.1
(220) plane
B3LYP 32 -2176.21254
Coss CAM-B3LYP 28 -2175.02818
PBE 33 -2176.3537
B3LYP 31 -2176.83546 -77.8 bridge
33 -2176.83382 -76.8
Coys+H CAM-B3LYP 27 -2175.66181 -86.8 3-fold
29 -2175.68728 -102.8
PBE 31 -2176.95734 -67.6 bridge
33 -2176.95763 -67.7
B3LYP 32 -2176.64080 -268.7 bridge
CoistH* CAM-B3LYP 28 -2175.47905 -282.9 3-fold
PBE 32 -2176.75809 -253.7 bridge
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The high index (220) plane for Co-cubic cluster was calculated additionally since the
XRD analyses have detected its presence in the electrodeposited Co films. Details and
relationship of the X-ray diffraction patterns with the adsorbed hydrogen will be discussed in the
next section. Calculated energies of pure cobalt and hydrogen surfaces allow calculating and
comparing the adsorption energies between defined cobalt crystallographic planes. A negative
value ofE,gs indicates that the adsorption process is exothermic (stable), while a positive value
stands for its endothermic (unstable) character. The calculated adsorption energies for all the
considered planes of Co-cubic show negative values relative to the gas phase hydrogen atom,
indicating the stable adsorption process. The most remarkable observation is that the adsorption
energies of cationic hydrogen are much lower than these related to the adsorbed atomic hydrogen.

From Table 10, we can derive some tendencies. For the atomic hydrogen adsorption, the
most stable site occurs for the (220) plane whatever the functional (adsorption energy included
between -102.8 and -67.6 kcal/mol). The tendency for the less stable site leads to the (100) plane
(B3LYP and PBE with an adsorption energy of -55.8 and -51.0 kcal/mol respectively) and the
(110) plane (CAM-B3LYP with an adsorption of -52.6 kcal/mol).

For the hydrogen ion, two most stable sites emerge: the (111) plane (B3LYP and CAM-
B3LYP with the adsorption energy of -269,9 and -292,2 kcal/mol, respectively) and the (220)
plane (B3LYP and PBE with the adsorption energy of -268.7 and -253.7 kcal/mol, respectively).
The less stable sites were the same two sites as for the atomic hydrogen: the (100) plane (B3LYP
and PBE with the adsorption energy of -253.1 and -243.2 kcal/mol, respectively) and the (110)
plane (CAM-B3LYP with the adsorption of -273.7 kcal/mol).

Because the positions of adsorbed H afhadi cobalt surfaces were free to relax another
observed feature in the calculations is a favour site, at which hydrogen is bonded to the cobalt
cluster. According to Table 10 two different sites of adsorbed hydrogen are noticed. The
characteristic of both sites is presented in Fig.69. The most favoured one is a bridge site.
However, for (111) and (220) planes a 3-fold site is also noticed, depending on the chosen
functional. In both cases the CAM-B3LYP functional gives a strong 3-fold bonding, while in

B3LYP and PBE the adsorption site varies with the orientation plane.
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() (b)

Fig.69.Example of the adsorption sites of hydrogen at -Co surface: (a) bridge site, (b— 3-fold site.

The literature gives some evidences on the greater part d¢fansition metasurface the
hydrogen atoms prefer sites h a high local coordination [255Molecular hydrogen does n
have a permanent dipole moment, but it possesses a large quadrupole moment and pole
Hence, when it approaches a charged site it can bind to that site thro-quadrupole and ion-
induced dipole interactio202]. At the cobalt surface with ld symmetry the sites with tt
highest coordination were fnd to be 3-fold coordinated [245]. Thefd@d site is the most stab
binding site for hydrogen. Similar feature was observethe work of Jiang and Car [256],
who characterized the atomic hydrogen adsorption on Fr (110) surface and found t-fold
site is the only one stable minimum, while the bridge sites are the transition statet
diffusion. For the high index plane (211) of Fe surface s shown that hydrogen is adsorbe:
the 3fold coordinated site [2f]. The presented results confirm these observations, howeve
also clearly indicate that the adsorption site is determined not only by thehkl coordinates,

but also by the chosemultiplicity and functional used during the calculat

1V .4.3. Hexagonal closed-packed structure

Similar calculations have been done for the-hexagonal system, for which the cho
cobalt surfaces included (101), (110), (011) and (100) planese 11 represents the collect
results of calculated energies, adsorption energies and determined hydrogen adsorption
considered multiplicities for (-hexagonal cluster were 19 in the case of B3LYP and
functional and 21, when the calculati were run with the CAMB3LYP functional. Considerin
the adsorption energy of Geexagonal cluster it can be seen {Eagsis again more negative fi

the case of adsorbed cationic hydrogen for all the considered-hexagonal surface
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Table 11. The calculation results for the different planes of Co-hexagonal system.

System Calculation Multiplicity E Eads Adsorption
method Hartree kcal/mol site
B3LYP -0.49891
H CAM-B3LYP -0.49534
PBE -0.49588
H* 0.0
(100 )plane
B3LYP 19 -1160.51663
Cog CAM-B3LYP 21 -1159.87489
PBE 19 -1160.46143
B3LYP 18 -1161.12365 -67.8
20 -1161.11354 -61.5
CostH CAM-B3LYP 20 -1160.49398 -77.7 bridge
22 -1160.43686 -41.8
PBE 18 -1161.08837 -82.2
20 -1161.07793 -75.7
B3LYP 19 -1160.91404 -249.4
Cos+tH™ CAM-B3LYP 21 -1160.26545 -245.1 bridge
PBE 19 -1160.87657 -260.
(110 )plane
B3LYP 19 -1160.43719
Cog CAM-B3LYP 21 -1159.61668
PBE 19 -1160.3579
B3LYP 18 -1161.02377 -55.0
20 -1161.01839 -51.6
CogtH CAM-B3LYP 20 -1160.32819 -135.6 bridge
22 -1160.26738 -97.5
PBE 18 -1160.94156 -55.1
20 -1160.96920 -72.4
B3LYP 19 -1160.83288 -248.3
Cog+tH* CAM-B3LYP 21 -1160.18177 -354.6 bridge
PBE 19 -1160.74528 -243.
(101 )plane
B3LYP 19 -1160.50511
Cog CAM-B3LYP 21 -1159.87911
PBE 19 -1160.47886
B3LYP 18 -1160.12200 -74.0
20 -1160.11366 -68.8
Cog+H CAM-B3LYP 20 -1160.40716 -20.5 bridge
22 -1160.43803 -39.9
PBE 18 -1160.08178 -67.2
20 -1160.08001 -66.1
B3LYP 19 -1160.91301 -256.
Cos+tH" CAM-B3LYP 21 -1160.26387 -241.4 bridge
PBE 19 -1160.87024 -245.6
(011 )plane
B3LYP 19 -1160.49094
Cog CAM-B3LYP 21 -1159.87313
PBE 19 -1160.45798
B3LYP 18 -1161.10590 -72.8
20 -1161.10220 -70.5
Cog+H CAM-B3LYP 20 -1160.48723 -74.5 bridge
22 -1160.43100 -39.2
PBE 18 -1161.05760 -65.1
20 -1161.05753 -65.0
B3LYP 19 -1160.90024 -256.8
Cog+tH* CAM-B3LYP 21 -1160.26484 -245.8 bridge
PBE 19 -1160.85742 -250.
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Table 11 derives also some tendencies, but less clear than those for the Co-cubic system.
For the atomic hydrogen adsorption, the obtained most stable site is different for each functional:
the (101) and (011) planes for B3LYP (adsorption energy of -74.0 and -72.8 kcal/mol,
respectively), the (110) plane for CAM-B3LYP (adsorption energy of -135.6 kcal/mol) and the
(100) plane for PBE (adsorption energy of -82.2 kcal/mol). The tendency for the less stable site
leads to the (110) plane (B3LYP and PBE with the adsorption energy of -51.6 and -55.1
kcal/mol, respectively) and the (101) plane (CAM-B3LYP with the adsorption of -20.5 kcal/mol).
For the adsorption of hydrogen ion, the same most stable sites for each functional as those for the
atomic hydrogen were obtained: the (101) and (011) planes for B3LYP (adsorption energy of -
256.0 and -256.8 kcal/mol, respectively), the (110) plane for CAM-B3LYP (adsorption energy of
-354.6 kcal/mol) and the (100) plane for PBE (adsorption energy of -260.5 kcal/mol). As for the
less stable site, two sites in B3LYP are determined: the (100) and (110) planes (adsorption energy
of -249.4 and -248.3 kcal/mol, respectively), and one site for both, CAM-B3LYP and PBE,
which is (101) plane with the adsorption energy of -241.4 and -245.6 kcal/mol, respectively. The
last observation is related to the preferential adsorption site. In all the cobalt-hexagonal surface
cases and for both types of hydrogen there is only one type of adsorption site determined as a
bridge site.

IV.5. Structure formation determined by hydrogen evolution reaction

1V.5.1. Effect of pH

In the Chapter Il the XRD analyses of electrodeposited cobalt films, according to the pH
variation as well as effect of an external magnetic field are presented. This section is focused on
the explanation of phase formation of cobalt deposits observed in Chapter Il, by involving the
quantum calculations of hydrogen adsorption described above. Figure 70 shows the X-ray
diffraction patterns of cobalt films grown under different pH values. Considering the phase
composition of cobalt film deposited at low pH (2.7), only one diffraction peak is detected and

assigned to the presence of mixed hcp(110)+fcc(220) phases.
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In general, cobalt is stabilized in a hexagonal centered-packed phase, but depending on
the deposition conditions it is possible to form biphasic films. It has been reported [82] that the
growth of Co-fcc phase in a solution with a low pH value is due to the formation of cobalt
hydride, which is metastable and facilitated by adsorption and incorporation of atomic hydrogen.
Based on this statement as well as according to the calctatddable 10 and Table 11) it can
be assumed that the intensive growth of mixed hcp(110)+fcc(220) peak could be related with

higher volume fraction of fcc phase than hcp.

(100)hcp

hcp-(110)+fcc-(220)

pH= 4.7

Intensity / a.u.

40 50 60 70 80
206/ degrees

Fig.70. X-ray diffraction patterns of the electrodeposited Co films at different bath pH.

According to theE,qs the fcc-(220) phase is more favour to create a stable bond with hydrogen.
Thus, more metastable cobalt hydrides are formed giving strong signal of the presence of fcc
phase in the XRD patterns. On the other hand, the adsorbed hydrogen can suppresses slightly the
growth of cobalt crystallites in the direction of fcc-(220), allowing at the same time for the
privileged growth of hcp-(110) phase, which adsorbs the hydrogen with less stable bonding than
that of fcc-(220). The evidence for the presence of fcc phase as a majority in the cobalt film
deposited at low pH is also given by the fine-grained morphology already presented in our
previous work [258]. Raising the pH value up to 4.7 the X-ray diffraction pattern indicates a
change in the phase composition of cobalt film. The growth of biphasic diffraction peak observed
at pH 2.7 is less intensive at higher pH value. The additional hcp peaks of (100) and (101) planes

at lower B angles are observed.
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The modification of phase composition of cobalt formed at higher pH level can be related
to the presence of cobalt hydroxides, which slow down the growth rate of biphasic diffraction
peak and as a result favour the growth of other hexagonal phases of cobalt. Thus, a higher
precipitation of Co-hexagonal phase is observed. This causes a rotation of the hexagonal
crystallites of cobalt around the c-axis from (110) to energetically more stable (100), what in
consequence gives re-orientation of the film. After an occupation of all the actives sites by
hydrogen at (100) surface it will begin to occupy the active sites of (101) surface. To confirm this
theory by theE,gs of hydroxides at the cobalt surfaces, further quantum calculation are currently

provided and will be the subject of future work.

1V.5.2. Effect of magnetic field

As it has been discussed before and also reported in many previous publications
[125,215,259-260], a superimposed magnetic field during the electrodeposition process from
aqueous solutions can affect the hydrogen evolution reaction and thus, the hydrogen adsorption
process at the electrode surface. In the process carried out under superimposed magnetic field, the
MHD convection can enhance the ionic mass transfer rate of hydrogen toward the cathode
surface. However, the competition between deposition rates of hydrogen and deposited metals
can be observed. Ebadi et HI25] studied the electrodeposition process of Ni-Co alloys under
magnetic field. They have shown that the deposition of the alloy is much enhanced compared to
the hydrogen evolution reaction. In mildly acidic solutions, the HER can arise from the following

reactions:

2 H (ag+2e - H,(q) (68)

2H q)+2e~ H,(g+20H (aq (69)

Due to the Lorentz force that is efficient on the solution in the vicinity of the electrode, the HER
is increasing with magnetic field, but not as much as the increase of metals on the electrode
surface because the concentration of hydrogen ion is much smaller than metallic ion
concentrations. These deliberations may help in the explanation of the differences between the X-
ray diffraction patterns of Co films deposited without (Fig.70) and with an applied magnetic field

(Fig.71). Comparing Fig.70 and Fig.71 it can be seen that the phase composition of cobalt films
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is not changed when electrodepositing under magnetic field. Similar observation was reported in
the work of Koza etl. [216]. However, a superimposition of magnetic field affects the peaks
intensity in the case of pH 4.7. The intensity of diffraction peaks at this high pH varies, when the
magnetic field of 1T is applied. These modifications are due to the change of hydrogen evolution
and cobalt rates caused by an accelerated mass transport in the electrolyte, which is due to the
additional convection introduced by B-field. A lower hydrogen evolution rate and higher that of
cobalt ions causes that the active sites of electrode surface are faster occupied by the metal than
by the hydrogen. Thus, the growth of other cobalt planes is possible, as it can be seen in the
cobalt film deposited at low pH, where additional growth of (100)-hcp peak is observed (Fig.71).

(200)hcp

hcp-(110)+fcc-(220)

(201)hcp

pH = 4.7

Intensity / a.u.

pH=27

40 50 60 70 80
20/ degrees

Fig.71. X-ray diffraction patterns of the electrodeposited Co films under 1T magnetic field.

In this case, hydrogen will look for the most stable active sites at the electrode surface, free for
adsorption. Following Nakahaet al. [35], the rate of atomic hydrogen incorporation might be
proportional to the hydrogen evolution rate. Thus, under magnetic field conditions the high rate
of hydrogen incorporation could form a metastable cobalt hydride, which might facilitate the

growth of Co-cubic structure. This suggests that the magnetic field acts on the phase formation in

the same way as a low pH level.
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I1V.6. Conclusion

The DFT calculations were performed to examine the adsorption energy of atomic and
cationic hydrogen on various low index Co surfaces: cubic — (100), (110), (111) and hexagonal -
(100), (110), (101), (011), as well as high index cubic-(220) surface. The preferential adsorption
sites were also determined. At all of the flat surfaces of cobalt, DFT calculations show that the
hydrogen is preferentially bonded to the most coordinated sites, which in this study is a bridge
site. However, the adsorption site of hydrogen is determined by the cluster size, which can result
in different adsorption sites as in the case of Co-cubic, where the 3-fold site was also observed.
Depending on the surface orientation, adsorption site and calculation method the adsorption
energies of atomic as well as cationic hydrogen varies slightly. Among all the calculated cobalt
surfaces for both, fcc and hcp phases the adsorption energies show tendencies for more and less
favoured planes to be adsorbed, depending on the chosen functional. Considering the fcc phase,
the most stable bond between cobalt and hydrogen is formed at the surfaces of: (220) for atomic
hydrogen and (220) + (111) for ionic hydrogen. As the less stable surfaces in both, cationic and
ionic hydrogen cases are (100) and (110). According to the hcp phase, the most stable bonding
between cobalt and atomic and ionic hydrogen is created at (101), (011), (110) and (100)
surfaces. Consequently, the less stable are (110) and (101) for atomic hydrogen and (100), (110)
and (101) for ionic hydrogen.

The DFT study of hydrogen adsorption helped to distinguish the phase formation of
cobalt film grown at low pH level (2.7), where biphasic film was obtained. The calculation of
Eags has shown that the hydrogen is favoured to create a stable bond with (220) surface of cubic-
Co, what in turn allows forming the cobalt hydrides. Thus, it can be estimated that the volume
fraction of fcc phase in the cobalt deposits is higher than that of hcp phase. At the same time, the
growth in the fcc-(220) direction is suppressed and growth of other planes of cobalt is observed,
such as hcp-(110). In the case of high pH (4.7), the phase formation is dependent on the
formation and adsorption of hydroxides at the cobalt surfaces, rather than single hydrogen. To
confirm this observation, further quantum calculations are required. It has been shown as well,
that an applied external magnetic field affects the mass transport in the electrolyte, by providing
an additional convection. Hence, the deposition rates of metal and hydrogen are influenced by a

B-field, modifying only the intensities of diffraction peaks.
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General conclusion

The presented work is focused on the experimental and theoretical studies of the
electrodeposition mechanism of Co-based films, including single Co, binary Co-Ni, Co-Cu and
ternary Co-Ni-Cu alloy films. The modeling and structure-properties relationship by a multi-scale
approach was investigated.

The preliminary study involves determination and optimization of the electrodeposition
parameters in order to obtain nanocrystalline films with satisfied surface quality and promising
magnetic properties. It is shown that the electrolytic pH, to-be-deposited type of substrate and
deposition time are of high importance in the fabrication of nanoscale materials. Among them,
the electrolytic pH is the one, which has the greatest effect on structure formation. The
considered pH values included two levels, referring to low (2.7), and high (4.7) pH. It is shown
that both structural features: phase composition and surface morphology of Co and Co-Ni films
are strongly influenced by the electrolyte pH. In both cases, the electrodeposited films are
consisted of two crystallographic structures of cobalt: hexagonal closed-packed (hcp) and face
centered-cubic (fcc). The differences observed in the phase composition and surface morphology,
according to the pH level are explained by the hydrogen evolution reaction and adsorbed
intermediate species, such as cobalt and nickel hydroxides at the cathode surface.

During the electrodeposition of Co and Co-Ni films on Ti substrate, most of the films
were characterized by rough surface. Thus, in order to eliminate this undesired effect a thin glass
substrate covered by indium tin oxide and reinforced by Ni seed-layer has been choosen. The
microstructural investigations show that the substrate type affects the phase composition of Co
and Co-Ni deposits. Electrodeposited Co and Co-Ni films on Ti are characterized as biphasic, hcp
and fcc. The Co film deposited on Ni/ITO possesses only the hcp structure, while in the case of
Co-Ni film the predominant phase is fcc. The phase composition differences are confirmed by the
examination of surface morphology, which indicates the film crystallites in the form assigned to
each crystallographic structure of Co. Furthermore, the surface quality has been improved and
more homogeneous, less rough films were obtained. Moreover, the morphological characteristic
show that decreasing deposition time brings about reduction in the crystallites size. The
deposition time has an effect on the early stages of electrodeposition. Thus, at shorter times the

nucleation process is dominated, resulting in the nanocrystallite films.
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The film growth as well as its quality can be strongly affected by a superimposition of an
external magnetic field. The electrodeposition process was carried out under parallel to the
electrode surface magnetic fields, with magnets strength up to 12T. The results reveal that the
induced forced convection in the electrolyte changes the hydrodynamic conditions and thus,
affects the structure and morphology of the obtained films. No significant effects of the magnetic
field on the phase composition are observed. Nevertheless, the relative intensity of X-ray
diffraction peaks is affected by the magnetic field electrodeposition conditions. Thus, the
secondary effects of magnetic field, as for example, on the pH value in the vicinity of the
electrode surface are responsible for the structural modifications. A superimposed magnetic field
affects the crystallites size and layer roughness significantly, resulting in more homogeneous
surface. The result is clearly induced by the MHD stirring of the electrolyte, which reduces the
thickness of diffusion layer and in turn improves a mass transport toward the electrode surface.
Due to the stirring effect, the MHD convection improves the electrode coverage by removing the
gas bubbles sticking to the electrode surface and as a consequence, more homogeneous Co-based
films are obtained. Furthermore, the results reveal the anomalous co-deposition process of Co-Ni
films, characterized by higher amount of Co in the film than in the electrolytic solution. The
anomalous deposition behaviour is slightly affected by the magnetic field. In the mass-controlled
region of Co-Cu and Co-Ni-Cu deposition, the deposited mass of Cu increases with increasing
magnetic field.

The effect of an external magnetic field on the electrochemical kinetics and dynamics of
electrodeposition process of Co, Co-Ni and Co-Cu films is also investigated. It is shown that the
kinetics-dynamics-structure relationship is basically determined by the adsorption behaviour of
co-deposited hydrogen and other intermediates species, such as metal hydroxides. Considering
the electrochemical kinetic behaviour, the investigations are based on the chronoamperometric
study, where the current-time transient of Co is investigated and nucleation mode is determined.
The result shows that the behaviour of nucleation is relatively close to the instantaneous
mechanism, but with a non-negligible deviation from the theoretical model. This is explained in
terms of hydrogen reduction. The differences observed in the current-time transients of
electrodeposited Co and Co-Ni films are due to the change of hydrodynamic conditions in the
electrolyte under magnetic field superimposition. From the electrochemical dynamic
investigations of Co-Cu system it is shown that a homogenous magnetic field does not practically

modify the charge-transfer parameters of the process. The weak effects observed in the presence
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of magnetic field are only due to the change of the electrode area during the metallic
electrodeposition and to the effect of MHD convection.

The magnetic annealing treatment of electrodeposited Co/Ni/ITO, Co-Ni/ITO and Co-
Cu/Cu/ITO films, respectively, in dependence on microstructure is investigated. Furthermore, the
magnetic properties of mentioned and additional Co-Ni-Cu/Cu/ITO films are also determined. It
is shown that the crystallographical structure of as-deposited films is improved by annealing
treatment. Moreover, it is preserved under superimposed magnetic field during process. The
annealing processing induces intermixing between seed (Ni, Cu) and secondary layers deposited
on ITO substrate, which is enhanced under magnetic conditions. Hence, the magnetic properties
of as-deposited samples are strongly affected. Interestingly, an in-plane magnetic anisotropy was
always obtained, which origin is seen in a preferential same-like atoms couples formation in the
magnetic field annealing direction. A superimposed magnetic field affects the magnetic
properties of as-deposited Co-Cu/Cu/ITO and Co-Ni-Cu/Cu/ITO films. The magnetic
measurements reveal that magnetic properties of the films depend on the film composition,
mainly on the amount of non-magnetic Cu component, which varies under magnetic field
conditions. Thus, the morphological and structural changes are observed, which increase the
surface/volume ratio and enhance the shape anisotropy.

The DFT calculations were performed to examine the adsorption energy of atomic and
cationic hydrogen on various low index Co surfaces: cubic — (100), (110), (111) and hexagonal -
(100), (110), (101), (011), as well as high index cubic-(220) surface. The preferential adsorption
sites are also determined. At all of the flat surfaces of cobalt, DFT calculations show that the
hydrogen is preferentially bonded to the most coordinated sites, which in this study is a bridge
site. However, the adsorption site of hydrogen is determined by the cluster size, which can result
in different adsorption sites as in the case of Co-cubic, where the 3-fold site is also observed.
Depending on the surface orientation, adsorption site and calculation method the adsorption
energies of atomic as well as cationic hydrogen varies slightly. Among all the calculated cobalt
surfaces for both, fcc and hcp phases the adsorption energies show tendencies for more and less
favoured planes to be adsorbed, depending on the chosen functional. The DFT study of hydrogen
adsorption helps to distinguish the phase formation of cobalt film grown at low pH level (2.7),
where biphasic film is obtained. The calculationEgfs shows that the hydrogen is favoured to
create a stable bond with (220) surface of cubic-Co, what in turn allows forming the cobalt

hydrides. Thus, it can be estimated that the volume fraction of fcc phase in the cobalt deposits is
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higher than that of hcp phase. At the same time, the growth of fcc-(220) orientation is suppressed
and growth of other planes of cobalt, such as hcp-(110) is observed. In the case of high pH (4.7),
the phase formation is dependent on the formation and adsorption of hydroxides at the cobalt
surfaces, rather than single hydrogen. To confirm this observation, further quantum calculations
are required. It is shown as well, that an applied external magnetic field affects the mass transport
in the electrolyte, by providing an additional convection. Hence, the deposition rates of metal and
hydrogen are influenced by a magnetic field, modifying only the intensities of diffraction peaks.
The present work is a novel approach in understanding the experimental results by
introduction of the theoretical studies. It gives a new way and possibility to combine theory with
practice and opens discussion on the relation of these two domains in order to achieve deeper

comprehension of the studied electrochemical systems.
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Annex

I. Magnetohydrodynamic (MHD) effect

The effect of a magnetic field on electrochemical processes is usually observed through
the magnetohydrodynamic effect, which origin lies in the Lorentz force. For conventional MHD
effects, the theoretical and experimental examinations have been often performed by means of
the magnetic fields directed parallel to the electrode surface, since the Lorentz force becomes the
largest, when a magnetic field is applied vertically to the electrolytic current.

The MHD effect was studied by Aogaki &t [261,262] and the magneto-hydrodynamic

electrode (MHDE) was used for the analysis of electrochemical reaction in a magnetic field
(Fig.1).

1o polentiost

Fig.1. MHD electrode: a-working electrode, b-counter electrode, c-Luggin capillary, d-MHD flow, e-
magnetic flux density, f-vessel (Aogaki [262]).

The MHD electrode was composed of a rectangular channel with two open ends. On the inner
walls of channel, a pair of electrodes (working and counter), each with the same area was placed
face to face and electrolytic current flows between them. The electrode potential of working
electrode was regulated by a reference electrode inserted from behind through a Luggin capillary.
Magnetic field was applied vertically to the current, in parallel orientation to the electrode
surface, so that Lorentz force was generated along the channel, and as shown in Fig.1., the
solution inside the channel started to move along the electrodes. Momentum balance of the
induced fluid motion is expressed by the following Navier-Stokes equation:
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where u is the velocity,P is the pressuregis the density and is the kinematic viscosity. The
solution flow under the MHD effect is called the MHD flow, which is self-organized through an
autocatalytic process between fluid motion and mass transfer. To see the process
comprehensively, first consider the electrolytic current flowing by the mass transfer of active
species. Mass balance of active ionic species in the presence of a large amount of supporting

electrolyte is expressed by:

%—?+(UDD)C: DO*C (2)
Current density at the electrode is, from Fick's law, the y-component vertical to the electrode,

which is given as:

o2
= szD( aylzo ©)

wherezy, is the charge numbef,is the Faraday constam,is the diffusion constant ar@is the
concentration of active species. Therefore, by the Lorentz force per unit vglutihe solution,
according to Eq.(1), starts to flow in the velocityalong the electrode, whei® is the z-
component of the magnetic flux density am@s the x-component of the velocity. On the other
hand, the flowing solution enhances the mass transfer, so that the concentration of active species

changes according to Eq.(2). The concentration gradéitoy),., together with the velocity

also increases. As a result, the current demsityEq.(3) again increases. All these processes are
cycled until the steady state is achieved. In the case, where the channel height and the velocity are

large, the flow mode becomes inviscid, so that the average current density is given by:
i=H(C,-C,)*B" 4)
where
H' = 07537, FD)**(v/ D) *Y (% = %) (%, -x) ™ (5)

andCs andC,, are bulk and surface concentrations, respectixgegndx, are the x-coordinates of
both ends of the electrodg,is the cell constant. When the channel height and the velocity are

small, the solution flows in viscous mode, and the average current density is:
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i=K(C-C,)"B" ()
where
K™ = 0504(sz):"’ZDhl’Z(/ﬂ)‘”2 (7)

his the channel height} the viscosity andithe electrode length.

The MHD flow moves in quite a different mode from the fluid motion driven by
mechanical force. For example, in the rotating disk electrode the solution velocity is one-sidedly
determined by external mechanical force, whereas the velocity of MHD flow is controlled in
close relation to the electrode reactions. In the vicinity of the electrode MHD flows contain
minute vortex structures called “micro-MHD flows”, which are a kind of non-equilibrium
fluctuation of MHD flows. Therefore, the micro-MHD flows can interact with other non-
equilibrium fluctuations such as concentration fluctuation, so that electrode reactions receive
specific effects called the micro-MHD effects from micro-MHD flows. The most important point
is that although micro-MHD flows affect the mass transfer of active species, the mass transport
process is not always promoted, but sometimes suppressed. If the reaction contains some
autocatalytic process of non-equilibrium fluctuations, such fluctuations are often suppressed by
the micro-MHD flows, and the total reaction rate decreases as well as the characteristic
morphologies emerge on the deposited surface, where regular patterns composed of micro-holes

called “the micro-mystery circles”, are formed [263,264].

1.1. MHD in electrochemical processing

The largest effect of the Lorentz force and consequently the largest MHD effect are
achieved with magnetic fields parallely oriented to the electrode surface (i.e., when the external
magnetic field is oriented perpendicularly to the direction of the ion flux). During the electrolysis
under parallel fields, the Lorentz force induces conductive flow of the electrolyte close to
electrode surface. A magnetically stimulated convection leads to a decrease in the thickness of
the diffusion layer, thus the diffusion-limited current is increased. This will lead to a decrease in
the degree of diffusion control of the electrodepsition process, because the current density at a
fixed value of overpotentiaf, and then, the activation part of deposition overpotential required

for the change transfey, should be larger in the presence than in the absence of an effect of
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magnetic field. If the applied overpotential remains the same, the remaining overpatgntial
must decrease.

As a rule, it was adopted that the limiting diffusion current density depends on magnetic

field, asi, 0 BY®. According to the equations

gLt by 1 ®)
23 i, 23 1-('i.)
b 1
¢ = —=In—— 9
Tan =33 1-(G/i,) ®)

where b; is the cathodic Tafel slope amglandi. are the exchange and the limiting current
densities respectively, increasing the limiting current density leads to a decrease of the degree of
diffusion control of the deposition process, and then the electrodeposition process occurs at some
overpotential, which is effectively lower. This overpotential at which a metal electrodeposition
occurs, when the exchange in the hydrodynamic conditions is caused by the effect of an imposed
magnetic field represents the effective overpotential of electrodes process. Based on the results
obtained by Sudibyo etl. [265], who studied the magnetic field effect on Co electrodeposition at
room temperature the limiting current increases proportionately to the magnitude of magnetic
strength. The increment of limiting current indicated the increasing of mass transport on
electrodeposition process. This increment of limiting current can be linked to the presence of
MHD effect. The convective flow will create mixing in the diffusion area and reduce the
thickness of its Nernst diffusion layer in front of the electrode effectively. As the Nernst diffusion
layer decrease, the limiting current density will increase. The change in the magnetic field
strength leads to the variation of limiting current, but the value of diffusion coefficient is
unchanged.

1.2. Nucleation determined by the electrochemical fluctuations

Nucleation is classified into two types: 2D nucleation, expanding lateral growth and 3D
nucleation, protruding vertical growth. According to the work of Aogakilaf261], these two

types of nucleation come from different non-equilibrium fluctuations (Fig.2.). One is the
asymmetrical fluctuation (Fig.2.a), which arises from electrochemical reactions in an electrical

double layer. As it is shown in the figure, this fluctuation one-sidedly changes from an
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electrostatic-equilibrium state toward a cathodic reaction side controlling 2D nucleation. The
other one (Fig.2.b) is the symmetrical fluctuation changing around an average value of its
physical quantity in a diffusion layer. This fluctuation controls 3D nucleation. The symmetrical
fluctuation suppresses the 3D nucleation of order ofiho yield a flat surface (the'Inicro-

MHD effect). After a long-term deposition in the same magnetic field conditions, instead of
leveling, semi-spherical secondary nodules with the order of 1Qu&0@ diameters are self-
organized from 2D nuclei with the other non-equilibrium, asymmetrical fluctuations Tthe 2
micro-MHD effect) [263].

Diffusion Layer

Double Laver
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»
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I I I I I [ouble Layer

Fig.2. Non-equilibrium fluctuations in electrodeposition: a - asymmetrical concentration fluctuation,
b - symmetrical concentration fluctuations, (Aogaki [261]).

At early stage of electrodeposition in the absence of magnetic field (Fig.3.), there are two

different kinds of unstable processes of fluctuations.
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Fig.3. Schematic figures of the instability of 2D and 3D nucleation in the early stage of electrodeposition
in the absence of magnetic field: a — 2D nucleation in electric double layer,
b — 3D nucleation in diffusion layer, (Aogaki [261]).

The first one takes place in an electrical double layer (Fig.3.a). In the case of electrodeposition
without any specific adsorption of anion, the potential in a diffuse layer of the double layer
becomes positive. Supposing that a minute 2D nucleus is accidentally formed in the diffuse layer,
at the top of nucleus, its negative overpotential decreases with the nucleation, so that with the
unstable growth of the fluctuation the 2D nucleus is self-organized. As the reaction proceeds,
outside the double layer, a diffusion layer yielded (Fig.3.b). In electrodeposition, since the
concentration gradient is positive, the top of a 3D nucleus contacts with higher concentration than
other parts. This means that the concentration overpotential decreases at the top of nucleus. As a
result, mass transfer in enhanced there, the symmetrical concentration fluctuation turns unstable
and the 3D nucleus is self-organized. In a parallel magnetic field the symmetrical concentration
fluctuation is interfered by the micro-MHD flows, so that the 3D nucleation always has a
tendency for suppression. However, after long-term deposition, since the rate-determining step to
control 2D nucleation changes from the electron transfer process concerning the double-layer
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overpotential to the mass transfer process concerning the concentration overpotential, the
decrease of the concentration overpotential at a 2D nucleus triggers instability. The total of the
double-layer overpotential and the concentration overpotential is kept constat, so that on the
contrary of the initial deposition mentioned above, the increase of the double-layer overpotential
decreases the rate-contolling concentration overpotential inducing new instability that in turn
newly generates larger micro-MHD flows by the Lorentz force through the increase of the
fluctuation of electrolytic current. This type of instability actually occurs under proton
adsorption. In the secondary nodule formation (& r@icro-MHD effect), due to such
mechanism, it has been found that the flow mode of the solution changes from a laminar MHD
flow to a convective micro-MHD flow induced by the unstable concentration fluctuations, so that
the diffusion layer thickness slowly decreases with time increasing electrolytic current. As a
result, the mass transfer to 2D nuclei is enhanced and the secondary nodules are self-organized
[266].

1.3. Early stages of electrodeposition and MHD

Matsushima etal. [267] studied the magnetic field effect on the initial stages of
electrodeposition of different metals. Along them, they noted in the case of Cu deposition that the
limting current density was increased. Because they excluded presence of macroscopic MHD
convection by the Lorentz force, the observed enhancement was explained by the fact that, in the
vicinity of deposits surface, the current density vector has a component parallel to the deposit
plane and it is not locally parallel to the magnetic field, as it is shown in Fig.4.

Micro-MHD
—

-
Tr— c Nuclei

substrale

ﬂ\l/

Fig.4. Schematic illustration of the micro-MHD convection flow; (Matsushima et al. [267]).
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Such local distortion of the electric field produces a microscopic vortex convection that is called
micro-MHD. Therefore, the ionic mass transfer in the B-field could be enhanced by the attending
localized stirring effect. Moreover, from the current density plots, which can be straightforwardly
interpreted in terms of nucleation rate, was the time to current density peak corresponding to a
given overvoltage. This quantity was increased in the presence of magnetic field and this effect
obviously hints at a depression of the nucleation rate. Furthermore, the peak current was
apparently reduced in the magnetic field. These two pieces of evidence suggest that nucleation or
deposition rate tends to be inhibited in the magnetic field. One possible explanation of the
current-inhibiting effects of a magnetic field, highlighted in this research work, would be that the
MHD effect influences the transient formation form a three-dimensional to a two-dimensional
diffusion field, unless the magnetic field changes the nucleation rate. It is well known, that a 3D
diffusion field is formed around nuclei within a short moment [268]. Then, the fields overlap
each other to build a 2D diffusion field, where the current flow decreases due to the smaller flux
area compared to a 3D field. That is, their results would phenomenologically suggest that a 2D
diffusion field would be formed faster in the magnetic field. Another explanation could be that
the surface diffusion at the ad-atoms towards the cluster is affected by the magnetic field. As the
ad-atoms bear a change they would be subjected to a Lorentz force. As a first approximation, the
movement of the ad-atoms could be described as two-dimensional cyclotronic trajectories around
the clusters, giving rise to a spiraling ad-atom flux around the nucleus. As a net result the
residence time of the ad-atoms on the crystal plane onto which a nucleus is formed would be
higher and the crystal growth would thus be inhibited. Since the high-overpotential region, a
higher surface concentration of ad-atoms exists; this inhibiting effect of the magnetic field is
expected to be less marked. An alternative explanation might be that the cluster energy is affected
by the magnetic field. This would be an effect that is proportional to the volume of the cluster and
to magnetic field [269].

I1. Electrochemical stationary techniques

I1.1. Chronoamperometry

In this technique, the electrode potential is abruptly changed from E1 (the electrode is
usually in the equilibrium state at this potential) to E2 and the resulting current variation is

recorded as a function of time. The interpretation of the results is typically based on a planar
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electrode in a stagnant solution and an extremely fast interfacial redox reaction as compared to
mass transfer.

Chronoamperometry has been widely used to characterize the kinetic behavior of
insertion materials. The typical assumption for the analysis of the chronoamperometric curve (or
current transient) of insertion materials is that the diffusion of the active species governs the rate
of the whole insertion process. This means the following: the interfacial charge-transfer reaction
is so kinetically fast that the equilibrium concentration of the active species is quickly reached at
the electrode surface at the moment of potential stepping. The instantaneous depletion (or
accumulation) of the concentration of active species at the surface caused by the chemical
diffusion away from the surface to the bulk electrode (or to the interface away from the bulk
electrode) is completely compensated by the supply from the electrolyte (or release into the
electrolyte). This is referred to hereafter as the potentiostatic boundary condition. The interface
between the electrode and current collector is typically under the impermeable boundary

condition where the atom cannot penetrate into the back of the electrode [270].

11.2. Voltammetry

Voltammetry is basically referred to techniques with the common characteristics that the
potential of the working electrode is controlled and the resulting current flow is measured. One of
the most general applications is linear-sweep voltammetry (LSV), where the potential is linearly
scanned over time in either the negative or positive direction. Cyclic voltammetry is a set of LSV
experiments in which anodic and cathodic scans are repeated alternately. That is, at the end of the
first scan of LSV, the scan in the reverse direction is continued. This cycle can be repeated a
number of times. The voltammogram gives information on the possible redox reactions of the
system, including the Faradaic insertion and extraction reaction. Furthermore, the presence of a
surface reaction and its reversibility during the atom insertion-extraction process can be
successfully examined. The voltammetric response of the insertion electorde, similar to

chronoamperometry, is analyzed by the diffusion-controlled model [270].
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I1..3. Electrochemical Impedance Spectroscopy

Electrochemical impedance theory is a well-developed branch of AC theory that describes
the response of a circuit to an alternating current or voltage as a function of frequency. In DC
theory, which is a special case of AC theory where the frequency equals 0 Hz, resistance is

defined by Ohm’s Law:
E=I1[R (10)

Using Ohm’s Law, it is possible to apply a DC potentig| {0 a circuit, measure the resulting
current (), and compute the resistand®),(or determine any term of the Equation (10) if the
other two are known. A resistor is the only element that impedes the flow of electrons in a DC

circuit. In AC theory, where the frequency is non-zero, the analogous equation is:
E=IZ (11)
As in Equation (10)E andl are here defined as potential and current, respectiZetydefined
as impedance, the AC equivalent of resistance. In addition to resistors, capacitors and inductors
impede the flow of electrons in AC circuits.
In an electrochemical cell, slow electrode kinetics, slow preceding chemical reactions,
and diffusion can all impede electron flow, and can be considered analogous to the resistors,

capacitors, and inductors that impede the flow of electrons in an AC circuit. Figure 5 shows

typical plot of a voltage sine wavE)(applied across a given circuit and the resultant AC current

N

Fig.5. AC Waveforms for an applied potential and a resulting current [266].

waveform (Eg. (10)).

The two traces are different not only in amplitude, but are also shifted in time. When a sinusoidal
potential excitation (Eq.(12)) is applied to the electrode/solution interface, cause an out of phase

current response with respect to the applied sinusoidal (Eq.(13))
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B = By sinfw) (12)

I, =1,sin(wt + @) (13)

(t)

WhereEy) andl are instantaneous potential and current, respectiZgigndlg are rest potential
and current, respectivelyy is a frequencyt is a time andgis a phase shift. In the case of a
purely resistive network, the two waveforms would not be shifted. They would be exactly in
phase, differing only in amplitude.

It is possible to study an equivalent circuit by deriving its impedance equation expressed
as a real part Z'(w) and an imaginary part Z”(w) (Eq.(14)). However, it is simpler to perform a
measurement on the circuit and analyze the resulting plot. As a result a good picture of the real
and imaginary impedance components and of the phase shift characteristics as a function of

frequency is obtained.

I, sin(wt + :
w = M = z'(w)+|z“(w) (14)
E, sin(wt)
The Randles cell (Fig.6) models the electrochemical impedance of an interface and fits many
chemical systems. It is easy to equate the circuit components in the Randles with familiar

physical phenomena, such as adsorption or film formation.

Cov
Ra 1
— A ——— Re —
SAAA

Fqn = uncompensated resglance
Re = polanzation resistance

Coy = double layer capacitance

Fig.6. Equivalent circuit for a single electrochemical cell [271].

Rpis the ohmic or uncompensated resistance of the solution between the working and reference
electrodesRe is the polarization resistance or charge-transfer resistance at the electrode/solution
interface.Cp. is the double layer capacitance at this interface. If the polarization or charge-

transfer resistance is known, it is possible to calculate the electrochemical reaction rates. Double-
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layer capacitance measurements can provide information of adsorption and de
phenomena.

The plot in Figure 7 illustrates the expected response of the simple circuit in Fig.6.
the Nyquist plot which is one of the most popular format for evaluating electroche

impedance data.
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Fig.7. Nyquist plot for a mple electrochemical sysh [277].

The Nyquist plot has several advantages. The primary one is that the plot format makes i
see the effects of the ohmic resistance. If we will take a data at sufficiently high frequenc
easy to extrapolate the semicircle towihe left, down to the x axis to read the ohmic resiste
The shape of the curve does not change when the ohmic resistance changes. ConseqL
possible to compare the results of two separate experiments that differ only in the positic
reference electrode. Another advantage of this plot is that it emphasizes circuit compone
are in series, such &%, However, the Nyquist plot format also has some disadvantage
example, frequency does not appear explicitly. Secondly, althour ohmic resistance and
polarization resistance can be easily read directly from the Nyquist plot, the electrode cap
can be calculated only after the frequency information is known. As shown in Fig.
frequency corresponding to the top of the icircle, ap = max can be used to calculate 1

capacitance iRp is known.
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III. Surface characterization techniques

II1.1. X-ray Diffraction (XRD)

X-ray Diffraction is a powerful non-destructive technique for characterizing crystalline
materials. While most other analytical techniques provide elemental or molecular information
from a sample, XRD is unique in providing a wide variety of information on structures,
crystalline phases, preferred crystal orientations (texture), and other structural parameters, such as
crystallite size, percent crystallinity, strain, stress and crystal defects.

In XRD analysis a sample is illuminated by a collimated X-ray beam of specific known
wavelength. If the material is crystalline, it possesses a three dimensional ordering or structure
with repeat units of atomic arrangement (unit cells). X-rays are diffracted by the repeating lattice
spacings of crystalline materials, whereas X-rays are simply scattered by amorphous materials.
X-ray diffraction occurs at specific anglesg{2with respect to the lattice spacings defined by

Bragg’s Law:

n = 2 sind (15)
wheren is an integer denoting the order of the reflectidins the x-ray wavelengthd is the
lattice spacing of the crystal planes of interest, &ns the diffraction angle (Fig.8Rragg’s Law

is satisfied, when the pathlength difference of the X-rays (indicated in green) is equdl Tthe

diffraction angled is half the angle between the incident and diffracted X-rays.

Source Detecror

Fig.8. Schematic representation of X-rays diffraction in a crystalline material [267].

Any change of difference in lattice spacing results in a corresponding shift in the diffraction lines.

Consequently, the X-ray diffraction pattern is the fingerprint of periodic atomic arrangements in a
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given material. Diffraction patterns can be checked against large libraries of patterns form
materials in order to identify/quantify the phases present in a si
A Bruker D8 Advance >-ray Diffractometer (Fig.9.a) with Ci, radiation has been

employed to obtain XRD patterns using standard E-Brentano 6-20) geometry (Fig.9.b). |
the BraggBrentano geometry the-ray source (Xay tube focus) and the detector are alw
situated on the same circle. The samples surface is tangential to the center of the ¢
touches the geometrical diffractometer axis. At the same time the flat sample surface is
tangential to the focusing circle which contains tr-ray focusand the receiving slits of tt
detector. The focusing conditions will be fulfilled exactly when tl-ray source, the detect
and the sample source are situated on the same circle. If the sample has a flat surface, t
must be tangential to thedasing circle and its normal vector must be bisect the angle be
direction to the source and the detector. The condition is the main distinction of th¢
Brentano method.
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Fig.9. X+ay diffractometer used for the structural analya)
with a classical Bra¢-Brentano reflection geometry (b) [2].

II1.2. Scanning Electron Microscope (SEM)

The scanning electron microscope uses a focused beam ¢-energy electrons to
generate a variety of signals at the surface of solid specimens. A beam of electrons is prc
the top of the microscope by an electron gun. The electron beam traough electromagnetic

fields and lenses, which focus the beam down toward the sample. The signals that der
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electron-sample interaction reveal information about the sample including external morphology
(texture), chemical composition, and crystalline structure and orientation of materials making up
the sample. Once the beam hits the sample, electrons and X-rays are ejected from the sample.
Detectors collect these X-rays, backscattered electrons and secondary electrons and convert them
into a signal that is sent to a screen. A two-dimensional image is generated that displays spatial
variations in these properties. The SEM is also capable of performing analyses of selected point
locations on the sample. This approach is especially useful in qualitatively or semi-qualitatively
determining chemical composition, crystalline structure, and crystal orientations.

In the present work the coating’s morphology has been investigated by the use of
scanning electron microscopes of following types: JOEL JEM-2010 ARP, FE-SEM SUPRA 35
and JOEL JSM 6460LA coupled with EDS JEL 1300 microprobe.

111.3. Energy-Dispersive X-ray Spectroscopy (EDS)

Interaction of an electron beam with a sample target produces a variety of emissions,
including X-rays. An energy-dispersive detector is used to separate the characteristic X-rays of
different elements into an energy spectrum, and EDS system software is used to analyze the
energy spectrum in order to determine the abundance of specific elements. EDS can be used to
find the chemical composition of materials down to a spot size of a few microns, and to create
elements composition maps over a much broader raster area. Together, these capabilities provide
fundamental compositional information for a wide variety of materials.

EDS systems are typically integrated into an SEM instrument. EDS system includes a
sensitive X-ray detector, a liquid nitrogen dewar for cooling, and software to collect and analyze
energy spectra. The detector is mounted in the sample chamber of the main instrument at the end
of a long arm, which itself cooled by liquid nitrogen. An EDS detector contains a crystal that
absorbs the energy of incoming X-rays by ionization, yielding free electrons in the crystal that
become conductive and produce an electrical charge bias. The X-ray absorption thus converts the
energy of individual x-rays into electrical voltages of proportional size. The electrical pulses

correspond to the characteristic X-rays of the element.
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111.4. Wavelength Dispersive X-ray Fluorescence (WD-XRF)

WD-XRF is one of two generated types of X-ray fluorescence instrumentation used for
elemental analysis applications. In WDXRF spectrometers, all of the elements in the sample are
excited simultaneously. The different energies of the characteristic radiation emitted from the
sample are diffracted into different directions by an analyzing crystal or monochrometer (similar
to the action of a prism dispersing different colors of visible light into different directions). By
placing the detector at a certain angle, the intensity of X-rays with a certain wavelength can be
measured. Sequential spectrometers use a moving detector on a goniometer to move it through an
angular range to measure the intensities of many different wavelengths. Simultaneous
spectrometers are equipped with a set of fixed detection systems, where each system measures
the radiation of a specific element. The principle advantages of WD-XRF systems are high

resolution (typically 5 — 20 eV) and minimal spectral overlaps.

I11.5. X-ray Photoelectron Spectroscopy (XPS)

XPS is the most widely used surface analysis technique because of its relative simplicity
in use and data interpretation. It is a quantitative spectroscopic technique that measures the
element composition, empirical formula, chemical state and electronic state of the elements that
exist within a material. The analysis principle of XPS is quite simple. The sample is irradiated
with mono-energetic X-rays, causing photoelectrons to be emitted from the sample surface. An
electron energy analyzer determines the binding energy of the photoelectrons. XPS requires ultra-
high vacuum conditions. However, it can be used to analyze the surface chemistry of materials in

their initial state, or after some treatments, such as annealing, cutting, etc..

I11.6. Atomic Force Microscopy (AFM)

The atomic force microscopy belongs to a family of techniques dedicated to nanoscale
surface characterization. The AFM provides a three-dimensional profile of the surface, by
measuring forces between a sharp probe (tip) and surface at very short distance (0.2 — 10 nm).
The probe is supported on a flexible cantilever. The AFM tip touches the surface and records the

small force between the probe and the surface. The obtained topography image corresponds to the
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measured height value$x,y)for a given ared, defined by a window scan site Each height
value is associated to a pair of surface coordinatg¥ and the image is described by a matrix
with N lines andM columns which corresponds to the surféeg) points being the matrix
elements the heiglai(x,y) The dominant interactions at short probe-sample distances are Van der
Waals interactions.

I11.7. Magnetic Force Microscopy (MFM)

Magnetic force microscopy is a family of techniques used to measure magnetic
fields using an AFM. It employs a magnetic tip, which is brought close to a sample and interacts
with the magnetic stray fields near the surface. The strength of the local magnetostatic interaction
determines the vertical motion of the tip as it scans across the sample. The MFM technique uses a
magnetically coated sharp tip attached to a flexible cantilever. The tip is placed close to the
sample surface (5-100 nm) and interacts with the stray field emanating from the sample. The
image is formed by scanning the tip laterally with respect to the sample and measuring the force
(or force gradient) as a function of position. An image taken with a magnetic tip contains
information about both the topography and the magnetic properties of a surface.

MFM is a non-contact technique, and both static and dynamic operating modes can be
applied. The static mode detects the magnetic force acting on the tip, whereas the dynamic mode
measures the force derivative acting on the tip. The force derivative can originate from a wide
range of sources, including electrostatic probe-sample interactions, van der Waals forces,
damping, or capillary forces. However, MFM relies on those forces that arise from a long-range
magnetostatic coupling between probe and sample. This coupling depends on the internal
magnetic structure of the probe, which greatly complicates the mechanism of contrast formation.

Magnetic force microscopy is able to investigate with high resolution magnetic domain
structure, reading and recording information in magnetic media, magnetization reversal processes
etc.

I11.8. Vibrating Sample Magnetometer (VSM)

The vibrating sample magnetometer has become a widely used instrument for

determining magnetic properties of a large variety of materials: diamagnetics, paramagnetics,
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ferromagnetics, ferromagnetics and antiferromagnetics. It operates on Faraday's Law of
Induction, which tells that a changing magnetic field will produce an electric field. This electric
field can be measured and can give information about the changing magnetic field.

In principle, if a sample of any material is placed in a uniform magnetic field, created
between the poles of an electromagnet, a dipole moment will be induced. If the sample vibrates
with sinusoidal motion a sinusoidal electrical signal can be induced in suitable placed pick-up
coils. The signal has the same frequency of vibration and its amplitude will be proportional to the
magnetic moment, amplitude, and relative position with respect to the pick-up coils system. The
induced voltage in the pickup coil is proportional to the sample's magnetic moment, but does not
depend on the strength of the applied magnetic field. In a typical setup, the induced voltage is
measured through the use of a lock-in amplifier using the piezoelectric signal as its reference
signal. By measuring in the field of an external electromagnet, it is possible to obtain the
hysteresis curve of a material.

111.9. Alternating Field Gradient Magnetometer (AFGM)

The AGMF determines the magnetic moment of a sample by measuring the force exerted
on a magnetic dipole by a magnetic field gradient. The force is measured by mounting the sample
on a piezoelectric biomorph, which creates a voltage proportional to the elastic deformation and,
hence, to the force acting on the sample. By driving an alternating voltage and by tuning the
frequency of the field gradient to the mechanical resonance of the sample mounted on the
piezoelectric element by a glass capillary, a very high sensitivity can be achieved.

The main advantage of the AFGM is its relative immunity to external magnetic noise and
the resulting high signal-to-noise ratio and short measuring time.
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