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AN ABSTRACT OF THE HESIS OF

Rida Jamal Farhat for Master of Science
Major: Chemistry

Title: Electrochemical Investigation of the Effects of Guest Metals in Nickel Hydroxide
Films on Oxygen Evolution Reaction Catalysis.

The sun is the largeahd cheapest green energy source worldwide with one
hour of solar energy outweighing the globakrgy consumption per yedihus, the
generation of renewable energy using nanomaterials is a rising topic in science today
especially via solar water splittj at nanostructures coupled withaatalysts. This MS
thesis focuses on investigating oxygenlation reaction (OER) catalysts from earth
abundant materials and the role of guest metal inclusion.

The aim of this project is to investigate the effeajést metals, Fe and Al, on
Ni-based oxide catalysts for oxygen evolution reactions as a fumétipmode of
inclusion, ii) electrolyte and iii) the presence and absence of Fe in solution. Fhin Ni
oxo/hydroxo films have shown significant activity as wrable metal OER
electrocatalyst A promoting effect has been reported with the addition o&irert
supplementary metals particularly Fe. Nonetheless, the role of guest metals in solution
has yet to be fully and clearly understoBdrlier in this laboratry, Ni-oxo/hydroxo
films in borate, KB were investigated in the presence and absence of-Bepasited
and after anodic conditioning. Differences in OER activity betweeslaxtrodeposition
and inclusion postleposition of Fe led to the hypothesiattiurface modification with
Fe causes an increase in OER activity rather than its bulk inclésidimnermore, it was

observed earlier in this laboratory that Al in solution inhibits GERthis MS thesis,
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we investigate thelectrochemistry and OER actiiat Ni-oxohydroxo, Ni(Fe) and
Ni(Al) -oxohydroxo films inKBi, KOH purified from Fe and KOH witkraces of Fe.
OER activityof NiOxHy and cedeposited NiAIQHy and NiFeQHy was studied in

KOH electrolytes which were purified or purified from Fe impurigs to eliminate any
traceFethat would modify the catalyst surface. The effect of Al and Fecattdthese
electrolytes was also studiethe effects of the guest metals on the redox behavior of
Ni-based oxides on OER electrocatalytic activity and stglere studied using cyclic
voltammetry, Tafel slope measurements, curomerpotential and taover frequency
calculations. The films were characterized using SEM coupled with EDX to examine
the surface structure and morphology of the catalysts.

The omplete removal of Fe from the electrolyte resulted in low OER activity at
both Ni and Ni(Fe) caleposited films and thus supports our hypothesis that bulk Fe
does not promote OERhepresencef Fein 1 M KOH showed an increase @ER
activity of NiOxHy, while the addition of Al td. M KBi inhibited OER activity. The
OER activity was not sustainetifee-activated NiQHy in Fefree electrolyte indicated
that the presence of Fe is needed for sustainability of active sites. A deactivation
mechanism consistewith the electrochemical results was proposed for OER activity.
Theadditionof Al to 1 M KOH and1 M Fefree KOH dd not cause an effect on OER
but affectedthe redox behavior of the cataly$he cedeposition of Al with Ni showed
no significant effecon Tafel slopes but a varied effect on TOF at different thicknesses

in the tested electrolytes
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times in the same solution. Scan rate of als@Vthis figure is 10 mV/s. The inset
shows the Ni(OH)YNIOOH redox peaks and onset of oxygen evolution. The number of
CVs (1660) refers to the total number of scans acquired at 1006n&//é € é é 1 Q
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4.13: Anodization plots {i plots) of ultrathin Nio.6Al0.4OxHy)imcfilms biased at 0.58 V
vs. Hg/HgO in 1 M Fdree KOH (a, red traces) or unpurified 1 M KOH (b, blue traces)
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4.14: Cyclic voltammograms of biAl0.4OxHy)imc film in 1 M KOH, as a first scan
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CHAPTER |

INTRODUCTION

A. Water Splitting

The global use agénergy hadeen exponentially increasing with an estimated
projection of 30 TW global power need by 2658 high reliance on fossil fueis still
requiredto meet this demandespiteits detrimental effect on the environment. Thus,
the movement towardseen carbomeutral energy sources is needed for the future of
theplanet. Thesunconstituteghelargestdecentralized and inexhaustilsleurce of
green energyith one hour of solar energy outweighing the global energy consumption
per yeat and one second of solar power hitting the surface of the @argéspondingo
130 million 500 MW power plantsHowever, the sporadic nature of solar energy due to
diurnal and seasonal cycles limitsutsage angield and pushes towards the need for
the storage of harvested solar eneiyis has driven researchéosstudyphotodriven
water splitting: the generat of Hand Q from water to store energy in a chemical
bond using solar engy mimickingphotosynthesi§? >’

Hydrogen is a notable green fuel as it can be sustainably generated from water
splitting and produces heathen combusted with oxygeor, electricity when oxidized
in a fuel cellwhile only yieldng wateras a product However, 96% of current
hydrogen productiois from fossil fuels® Hydrogen fuel cells hae their pros such as
higher volumetric energy density and letegm storage capability of fuel cells in
comparison to commercial batters, maidiye to the absence of sdischargeand

cons such as itsow efficiency with respect to commercial batterfes



Scientists as early as 19a48d beforéhave pondered upahe use of
photochemical reactionserformedby plants to properlharvest and storsolar
energy® Photosynthesis is theidely known reactiothroughwhich plantsharvestsolar
energy to convert water to oxygen and hydrogen with the latter combining with carbon

dioxide to store energy in the form of carbohydrafes.

Water Splitting*! H,O ¥,+ %Oz E°=1. 23 1V

Conversion of CarbohydratéeC Q + H,0 YD, + é CgH1 Ds E°=1. 262V

Photosystem Il (PSll), a specialized protein comletke thylakoid membrane
of photosynthetic species, absorbs solar enangproduesan excited electron which
moves to Photosystem | (B®ising redoxactive cofactors! This then produceshole
in PSIl which moves to the oxygen evolving complex (OEC), aQdcubiccluster
triggering the water splitting reash and producing ©and protonsas per the Kok
cycle! The protons are then reduced using the electronfeamdioxinNADP*
reductaseo generate hydrogen in the form of NADPHa NADP' reduction thus
storing the solar enerdy.

Water splitting isa thermodynamichf unfavored reaction described as an
Auphil| reactionodo due to the HPBadarvaterse i n (
splitting cellshave been researchedsimultaneously drive both oxygen and hydrogen
evolution reactions usingplar energy absorbed bgmiconductors based on the
pioneering research of Honda andi$hima on TiQ photoelectrochemistrd Both half
reactions oxygen and hydrogen evolutiaare sluggish and reqei electrocatalysts to
be coupled to the semiconductbhere are three main solar water splitting systems:

1) Photochemical (PCPhotocatalysts are used to splitgranto @ and Hgas

under UV or visible light illuminatiof® Semiconductors need a band gap equal
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2)

3)

to or abovetr 1.23 V vs. normal hydrogen electrode (NHE) to excite electrons in
its conduction band and generate holes in its valence band driving water
reduction and oxidation when irradiated with phottfiidetal oxides and
chalcogenides, such as Biénd CdS, arevell-known and common water

splitting photocatalyst¥ 16

Photoelectrochemical (PECIhis system is formed by a semiconductor,
functioning as a photoanode for water oxidatora photocathode for water
reduction, and aetalliccounter electrodésuch as Pt)’ Light is absorbed by

the photoelectrodes and electrons areteddio the conduction band leaving
holes in the valence baf®The incoming photon energy should be greater than
the bandgap energy of the semiconductr6 eV to overome the

thermodynamic barriers of water splitting and charge recombination potential
losse$.*® Charge carriers are then separated and transported to the electrode
surface through the semiconductdFinally, waterfrom the aqueous electrolyte

is oxidized to & using the holes at the photoanode surface and is reduced to H
by the electrons at the photocathode surtédée opposite reaction occurs at

the counter electrod& The first PEC cell was made by Honda and Fujishima
and composed of a Tiphotoanode ad Pt counter electrodé Recently, WQ

and BiVQs doped with metal cations, such as Mo, have proven to be promising
photoanodes?

PhotovoltaieElectrolysis (PVE): This system is formed by connecting a
photovoltaic cell (solar cell) to a water electmdy(or two electrolyzers, a

cathodeand a anodefor HER and OERrespective)).’ The PVconverts solar



energy to electrical energ¥he photgenerated current is transferredually

via the circuit wiresto theelectrolyzerto be used for water electrolysis

To enhance the proposed system, work has been focused on searching and
optimizing materiad of suitable band gaps and light harvestagabilitiesto pushfast
electron transfer, stability and high chemitabkolar energy conversion efficiency
(known as STH, solaio-hydrogen efficiency)Moreover,coupling ofelectrocatalysts
to photoelectrods has beenin developmento overcome thelew water splitting

reaction kineticsvhile maintaining stability and efficiency.

B. OxygenEvolution Reaction

The discovery of water splitting reacteoan be traced back &s early a4789
with Paets van Tostwijk and Deimaperforming water electtgsis usinggold wires
submergedn water connected to an electrostatic generfdtdr However,
industrialization of water electrolysis only came duriing 190040 produce hydrogen
gas?! This wasaccompanietby a risein scientific interest to increase the efficiency of
this reactiorand thugpushingresearchers to studlg reactivity andcatalysist®2°
Electrochemical water splitting made upof two main reactions: reduction of water
into hydogen (H) at the cathoddyydrogen evolution reaction (HER), and oxidation of
water into oxygen (&) at the anodegxygen evolution reaction (OER).
HER 2H" + €2 H,in acid (EU= 0V), and2H,0 + Y2H,+ OH in alkaline (EfJ
=-0.83 V)

OER 2H,0 Y0,+ HA+ eiacid(EY=1.23V)anddOHY Oy ,8 - ind

alkaline (EY%= - 0.40 V)22



Four electrons and four protons as well as 1.23 V per transferred electron (4.92
eV overall) are required to form one dioxygen moledabmtwo water molecules
making the oxygen evolution reaction kinetically slugdigf?* Thus,demanding
catalysts to fasten élseprocessearenecessaryo reduceactivation overpotential
Several studies ka been done over the years to feiticient electrocatalystsf high
stability and activityfor OER and thus producing a large amount of oxygen at the
lowest possible overpotentiahile experiencing minimal dsolution and corrosion
during its useé® Metalbasedxide catalystshave shown promising activity and stability
andarecategorized into noble and nooble metabased electrocatalysts.

Proposed OER mechanisms differ based ompkthef electrolyte in which the
reaction taks placeas well aghe nature of the catalyst used and its active sites.
Nonetheless, general mechanisms can be laiduiwdiffer slightly in the literaturé®?3
A major common characteristic is the description of OER as a heterogeneous reaction
with the bonding in the intermediates (MOH, MO, MOOH) between ldwrecatalyst
(M) and the oxygen atom (foting M-O) being an important factor in tlaetivity of the
catalyst?? A proposed mechanism in acid medjurased on DFpredicted peroxide
path,is as follovs, where M represents the surface:$ite

M H,0 Y MOH+et (2.1)
MOH Y MD+e (2.2)
MO H,O Y MOGH+e (2. 3)
MOOH VY HI+O,+¢€ (2. 4)
Ilts counterpart in alkaline mediyrassuming a singlsite mechanisnis:?’
M ©®HY MOHe + (2.5)

MOH OHY MOH,® & (2.6)
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MO GHY MOOH + (2.7)
MOOH OHY MOO+H,0 (2.8)
MOOY M @®,+¢€ (2.9)

Recent studies are combining the use of erpantal data, such as the
electrochemical behavior of the redox couplafel plot analysis of the catalyst, and
DFT calculationgo better understand the OER mechanism and thus better design
electrocatalystsf higher efficiency.

Generally, the mechanisbehindOER electrocatalysictivity is still under
debateRossmeisl et al. reported thahenOER occus, anoxidelayer fornson the
metal surface and for this layer to be stable, a high potential shoajzptied?®
Trasatti et al. proposed that OER activity depenlshe strength of the metakygen
bond at the active sitesd the interaction between oxide and intermetfiathich was
later supported with DFT studies modeling the energetics of thear&tilihe
electrocatalyst surface active sites act as adsorbents to OER intermediates and thus
assist in theharge transfer between the intermediates and the eleérode.

To properly evaluate thefficiency and kineticsf the electrocatalyst, two main
electrotiemical parameters are evaluaté@he first parameter ihe overpotential ¢ )
which is thepotential applied over the equilibrium potential to drive the OER and is
expressed a3 =i E& where E is the applied potential ang 8 the equilibrium
potential? An electrocatalyst is deemed more efficient and active wheritsna lower
overpotential to produce a specific current den3ihe overpotential at 10 mA/cis
used as a benchmarking tool since it corresponds to the approximate current density at a
solar water splitting cell anode operating at 10% efficiedhe second parameter is

the Tafelslope specifically the Tafel slope which is generallyverned by the



following equatiorderived from the ButleWolmer equationlog(j) =log (o) + d/ b
whereb is the Tafel slopg,is the current densitgndj, is the exchange current

densiy.?? Thus, the slope heexpressetherate at which the curné changes versus the
overpotential, i.e. a smaller slope indicates a faster increase@mcdensity with less
overpotential appliednd thus a different rate determining st€pe Tafel slope also
gives insight on the mechanism of the reactibrerebya smallslope is related to the
ratedetermining step occurring towards the end of theipialelectron transfer

reactions®?

(1) Doyle et al. Tafel Slope
OER RDS

MOH, + OH — MOH ™ +H>

(2) Shinagawa et al. Tafel Slope
OLR RDS
_ _ 120 — _ 120
MOH™ — MOH +e¢ mVidec M+OH — MOH+¢ nV/dec

30,120

MOH+OH — MO +H>0
2 mV/dec

MOH +OH — MO +H;0+e

mV/dec

21,40,
120
mV/dec

120

i MO + OH™ — MOOH + ¢~
mV/dec

MO~ —MO+e~

MO +OH™ —MOOH + e~

, 1 +OH™ — MOO™ +
mV/dec MOOH + OH™ — MOO™ + H,0

FEEED

MOOH +0H — MO, +H;O+e MOO™ =M+ 0y +e

mV/dec

MO, +OH™ —MOH +0,

M4

Figure 1.1 ModelledTafel slopes and their corresponding fdétermining stepbased
on the work of Doyle et al. and Shinagawa e&” 30 r epr eseneds an u

Tafel slope.



Generally, when the ratdetermining step is the first step of OER, a one electron
process, e resulting Tafel slope would be 120 mV/déwhen it is the second step,
then it would lead to a Tafel slope of 60 mV/dec if it is a chemical transformaitibn an
40 mV/dec if it is an electreproton reaction and thus involves a second electron
transfer®? Thus, arendin Tafel slopes bOER electrocatalysts can be traced with
common values of 30 mV/dec, 40 mV/dec, 60 mV/dec and 120 mV/dec, each
corresponding to a specifiate-determining step in theroposedDER mechanisri? 2"

31 Figure 1.1 shows Tafel slopes and tedicted rateletermining steps based on the
two proposed mechanisms by Doyle et'and Shinagawa et. #@lHowever, due to the
complicatechature of OER, th&afel slope and itsatedetermining stepnay not be
accurately predicted and analyses of the mechanism shouwdlgdie based on these
values?? Shinagawa et al. proposed that Tafel slopes vary for the sarrgetatenining
steps depending on the coage of intermediates on the surface of the electrocatélyst.
TheTafel slope decreases as the4@gatermining step iowards the end of the

reactions classifying the catalyst as effici&nt.

C. PreciousMetal BasedOER Electrocatalysts

The mainfactor in any catalysis is the material which the catalyst is formed of.
The latter dictates the type cditalytic active sites and timature of its interaction with
the reactant€arly survey studies have shown that rare metalegxslich as Rugin
alkaline mediand IrQ in acidic media, &ve demonstrated high OER catalytic
efficiencyin comparison tmon-precious metal&> 282° 3339 yp|cano type activity plots
for OER in alkaline andcid electrolytes show R and 1O, asthe mostactiveOER

catalystdased on their DFpredicted binding energy to surface oxygen species (OER



intermediatesy 2%2° as seen in Figure2..The plot relates theverpotential at low

current desity (lower than 1 mA/cr) to the standard enthalpy of lowterhigher oxide
transition?> 2° At the ascending portionsahe strength of the oxidetermediate

interaction increases, tli@ER overpotentiabecreases/NVhile at the descending portion,

as the absorbed intermediate coverage increases (due to the easily oxidized material),
the overpotential increasés2° The catalytic activity depends on the particle &78

and crystal structuref the OER cataly<t+?

0 _
RuO, £ .,
0.2 = PO ?'.11’05\_‘
.
o L ° ?." MnO, Co,0,
< NiO, !
0.4 - ;
o
0.6 { PbO, IO
! [+]
| 1 1 1
4] -100 =200 =300

AH® (kJ mol)
Figure 12: Volcano relation OER plot showing the electtalytic activity in acid as
closed circles and in alkaline as open cirdiegure used with permission from ACS;
Chemical Review2010110(11), 6446
6473 https://pibs.acs.org/dal/0.1021/cr1002328 Further permissions related to the

material excerpted should be directed to ACS.

Ru-based catalysts were found to be more active tlaer precious metals
such as Ir, Pt and Pdossibly due to their ideaiediumbonding strengtho OER

intermediates® 444> Generally, netallic catalysts tend to be more OER active than their
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oxide derivatiesbut suffer from low stability with a gereer activity2of Ru
> IrO2 anddissolution trend oRu >> Ir > RuQ>> IrO, independent of the
electrolyte®® In alkaline, RuQand IrG have show significant catalytic activity but
lack stabilitydue to surface oxidation and leaching of the catdfStudies have shown
that increased OER activity and stability in noble medals$ their oxide both acidic
and alkaline medis achieed with nanoscaling, use of nanopatrticle catalysts over bulk,
specifically Irbased electrodes, due to increased surface area and catadygisite4?
4149 Another method t@ombat the low stabilitpf monometallic catalysts is these of
bimetallic Ru and Ir based electrod@s®>* However earlierwork has initially
struggled to obtain higher activity and prolonged stabaityn bimetalic catalystsover
their monometallic counterpatts®>°8 until recently?*

Noble metals havexhibited higher catalytic activity and efficienoyer non
noble metals as OER catalysts in acidic medium due to their stability aad low
corrosion in the lattet This in turn makestiem the leading candidate for use in
polymer electrolyte membrane (PEM) electrolyzers which use acidic electrbiytes.
Though also OER active in alkaline medium, noble metals are generally more efficient

and stablén acidic medium ulike nonnoble metalg* 44 46

D. Non-Precious Metal Based OERElectrocatalysts
1. Types olNon-Precious Metal Based OER Electrocatalysts

The use of precious metals as OER electrocatalysts has shown several
disadvantages especially in alkaline elelgte ranging from low stability to high
production cost. Thus, research shifted its focus ontepnecioustransitionmetals as

theyarechearand in some casesavecomparablestability andOER activity in
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alkaline medi&? Several structures ofansition metals were found to exhibit significant
OER activitysuch agperovskits, spinek, pyrochlorespxides,hydroxides,
oxyhydroxices, and recently, chalcogens amalyered double hydroxide (LDH3? 24 6%
69

Briefly, perosskitesare of general formula ABSwhere A is an
alkaline/precious metal and B is a transition metal with the latter as the center of the
octahedron and A filling in the spaces to complete the struclsing this system,
researchexrordered OER et¢rocatalytic activity based on the nature of B: Ni > Co >
Fe > Mn > Cr, showing Tafel slopes of 40 mV/dec for Ni, 60 mV/dec for Co and 120
mV/dec for Fe and Mn based cataly®$t8-OH bond strength highly influenced
electrocatalytic activityvith moderate strength as seen in Ni and Co shgthe
highest efficieng. > "°This can be generalized for all OER meiaked catalyste.
Spinels are of general formula ABswhere A and B are eithatkaline earthgroup13
(boron group)r first-row transition metals with the latter occupying a tetrahedral or
octahedral orientatioft. These systems exhibit good conducivand stability in
alkaline and thus are promising OER electrocataRi®smetallic oxidesoffer greater
activity due to the varying effects of the secondary metahidacingelectronic
changes in the catalyahd thusallowing enhanced bonding wibER intermediate&
Recent studies have found that spinel metal oxides structurally transform into metal
hydroxides at the surfac&’*

Layer structure oxides, namely hydroxides M(@#&t)d oxyhydroxides MOOH
(M is a transition metal), are promising OER electrocatalysts with reasonable
conductivity, stability and activity? Structurally,a layer is formed athe transition

metal centéng an octahedron withnoxygen anion atéachcorner([MQg]), and cations
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(such as Hor alkali metals, Naand K") or water intercalated in betweeach layef?
This forms a structure better known as layered double hydroxides #Sithilar to
prevoskites, the general activity trend based on the natune tfansition metal is the

same with Ni showing the highest efficierféy.

2. Ni-oxo/hydroxideOER Electrocatalysts
a. Structure

Studies on the structure and electrochemistiyidbasedxides andayered
oxidesdate back to as early as the 1988shey wereisal in battery technology and
various applications in chemistry, physics and engineériffigNickel hydroxides and
oxyhydroxides generallytermed NiQHy, showed promising results as OER catalysts in
alkaline electrolyte due to theiigh activity coupled withstability, abundance and
relatively low costg? /" Their catalytic activity was attributed to the ideal bonding
strength of the NOH bond accordingto Sabatr 6 s pri nci pl e as seen
oxides?? Ni in Ni(OH) is in an oxidation state of +2table in alkaline mediand
undergoes oxidatiowith the onset of OER reach+3 or higher in some cases (43

and formNiOOH as per the following equatioN i ( QHO)H Y Ni OGH,0O+

e./""8 Both phases are arranged in layers of shared edges forming octahedra with Ni as
the center and O/OH groups at its vertices.

Bode et al. proposed a diagram in @#9&at wouldbe used to this day as a basis
of nickel hydroxide phase analy$isThey reported the electrochemical behavior of two
phases of nickel hydroxide upon their redox transformationsohétging, discharging,
aging and overchargirig alkaline solutior/® 78 Two forms of Ni(OH) are present:

UNi(OH)2 andb-Ni(OH)wi t h  r e d o-WNi(QHR/ uididCH ®f:greatér
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reversibilityand average Ni oxidation states of ~ 2 and36, respectivelya n d b

Ni(OH)./ MNIOOH of greatereportedOER activityand average Ni oxidation statefs o

~ 2 and 3, respectivel§f ®Hy dr at e d eNi(GH} tradsorms ito déhydrated

cry st aNIi(QH)with aging in water or alkaline medidf®% U-Ni(OH). contains

intercalated anions in its lattice which it exchanges for hydroxyl ions in alkaline
solution®*b-Ni OOH t r a n sNiGDH with ovierohiargingnd revegb a c k- t o b
NiOOH at low bias or directly reduse n t- Ni(OB)2.”® 9-NiOOH charateristically

intercalates metal cations between its layers thus increasing it§%fiaassformations

from the B/ b couple to the U/ o2 couple | eac

due to wagr intercalatiorf® Thes transformations are represented in the following

Bode diagrarff: &

v-NiOOH
. Ni oxidation state
f-NiOOH >3.5(~3.6-4.0)
Ni oxidation
state 3.0 i 7 A
Overchargin
/ 34_8 A ging . — (H,0),
— =
/ o
_A—— |
I ‘
Charging Discharging Charging " Discharging
s ~ ‘
: / 184
446 A d 8
=¢ Aging =
— / < A (IL,0),
Ordered )
Dehydrated D};S (:1' rd e”fjd
B-Ni(OH) 4% .raz‘e
Ni oxidatioj a-Ni(OH),
state 2.0—2.2 Ni oxidation state
20-22

Figure 13: Bode diagranshowing the transformations of Ni(O#)liOOH.”*# Figure
used with permission from AG3CS Catalysi202010(1), 20
35, https://pubs.acs.org/doi/10.1021/acscatal.9b02580rther permisens related to

the material excerpted should be directed to ACS
13



b. Preparation and Synthesis

A main factor affecting the performance of a oatls its synthesis method
whereby same compounds might have different activitiesbrutrochemical behaviors
in the same electrolyte depending on its prepard&$AThis mainlyhas to do with the
morphology of the produced material affecting its crystallinity, roughness and porosity
which in turn lead to varying conductivity as well as actite distribution and
electronic propertie$ Nickel hydroxide can be prepared using sevierehniques
depending on the desired phase, crystallinity, morphology and such as chemical
precipitation, electrochemical precipitation,-g@l synthesis, chemicahd
electrochemicahging and hydrotheral and solvothermal synthegisThe following
threemethods were chosen basedtlogir popularity and ease of use
1) Chemical precipitation is used to prepare Ni(OHby adding a basic solution to a
nickel(ll) salt solutior/® The phase is determined based on the solution
concentrations, pH, type of base and sal
Ni(OH):pr eci pitates at r oo mptheamENi(@)i br e whi |
forms at higher temperature via ripening (rapid cleemil agi n§ of U t o
Morphology of Ni(OH» can be controlled by using the impregnatmecipitation
method when @orous conductive substrasadipped in nickel(l) salt solution and
then treated with a basic solutiétiThis method is commonly used for battery
anodeg®
2) Electrochemical precipitationisu s ed t o f o+ blbar-Ni@H)era of U
conductive substrate via anodic or cathodic electrodeposition, efgetipitation

and other method$.For electodeposition, the substrate is added to nickel(ll) salt

14



solution and a negative or positive potential is held to produce a cathodic current
(via water redution) or an anodic current (via water oxidatiéhY.he phase and
crystallinity of the obtained Ni(OHY¥epends on the counterion and concentration of
the nickel(ll) s# solution temperature, substraa@ddepositioncurrent density
used’® For example, low deposition current densities (low mA/cange)generally
result inUNi(OH)2whi | e | arger current densities r
Ni(OH),."® 84

3) Agingi s used t-dli(OH)ta®Ni@H)zrinralkaline mediand thus
increasing the crystallinitgf the material® It can be categorized into chemical and
electroclkemical aging. Chemical agimgainly occurs at high temperature, such as
70, and in concentrated alkaline media; however, it can also occur at room
temperature and in water but at a slower fdifeh er modynami eal |y f av
Ni(OH)2 growsfor instancea s u n sNi(@H).ldissoleshased on a dissolutien
precipitation mechanism in alkaline med&®Other mechanisms are alproposed
such as a zipping mechanigfElectrochemical aging occurs due to continued
electrochemical cyclingetween Ni(OH)and NiOOHo f  -&lifOH)J electroden

akaline media whicheads to a decrease in conductivity and charge capdgity.

c. lon Inclusionin Solution

Early studies on the effect of Fe impurities on Ni(@électrodes showed a
poisoning effect in Nbased alkaline batteries due to a decrease in capacity, cycle life
and OER overpotenti&f°° This effect was even seen at concentrations of under 1% Fe
and initially thought to be due to the formation of ferrieda?* Corrigan was first to
show that~e impurities in solution, whether unintentional or intentional and at very low
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concentrations of ~ 0.01%o0-precipitate and show a significant enhancement effect on
the OER activity of NiQHy.%?

Nocera et al. reported that electrodeposited amorphoe(exi)/hydroxo films
in borate buffers (termed MBi) showed sigificant OER activity’ ** However, these
films reached maximum catalysis after conditioning at an anodib@enerally,
NiOOH forms the OER active phase of the catalystidsdd a mixture of Ni* and
Ni4*.7" 93 As-deposited NB i r e s eNiDIOH and haf an oxidation state of +3.1
which i ncreased to +3.6 after a#N@OAH%2ati o
Thus,duetothe ncrease i n acti vi INYWOHveas conciwded th
be moreOER a ct i-Ni@OHE dowmtradicting previous studié$Nonetheless, the
reason behinthe increase in activity during anodic conditioning turned out to be the
inclusion of Fe.

Following the interest in Ni oxo/hydroxides and the work by Nocera and further
studiesby Boettcher et al. and Klaus et al. who repd that the increase in OER
adivity in the Ni(OH)/NIOOH system is due to the incidental incorporation of Fe
traces from the unpurified electrolytes whether borate or KO#.%# In addition,
agin g-NiDH)in Fef r e e K O H -Ni(@H), fowers iits abtivity while aging in
unpurified KOH incorporates Fe traces into the lattice and forrfseNiDH which as
reported blocks the phase transformation of Ni(©HBoth research groups reported
an ingease in activity in unpurified KOH and a decrease Hir&e purified KOH!” %
This in turn clarified that the increase in activiyNi-Bi with anodizations not duea
consequent r ans f or-da OO NOOH ubFe incorporation into the
film ,°* as initially thought by Bediako et #lNocera et al. stwed that Fe inclusion into

Ni-Bi from Fein solution followed by anodization in purified solution led to an increase

16
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in Ni charge to I V. This was proposed to &
t o°3and thus increasing ND covalency and oxyl character which in turn increases
OER activity%

Corrigan also compad the effect of Fe in solution 1@ other d and f block
transition metals and concluded thatdaposited Fe/Ni(OH)results in the highest
activity, exceptfor Ce/Ni(OHy: d = 287 mV 2¥ The general tréndfo mA/ ¢ m
OER overpotential with coprecipitated metdiem largest to lowestyas determined
as follows: Pb > Cd > Zn > Cr > Nlieference) 3Mn, Mg > Ag, Y > Co, Cu > La > Fe
> Ce showing the significant enhancement eftécCe, Fe and Ldowering
overpotential by ~ 140 mV, and the poisoning effect of Pb, Cd and Zn, increasing
overpotential by ~ 20 m¥8 Thus, trivalent metal ion@sulted in an enhancement in
OER activity (Ce, Fe, La, Co, Y) while divalent ions leadlight enhancemer{Cu,

Ag, Mg) or a poisoning effect (Cd, Zf) Tetravalent ions also had little effect (Mn) or
a poisoning effect (Pb) le hexavalent ions had little effect (CP)A cathodic shift by
20-25 mV in redox peaks with respect to skmf Ni(OH}» was observedvith Co and

Mn. An anodic shift was observed with thiner coprecipitated metals, namely with Ce,
Cr, La and Zn reaching up to ~ 45 mi#ayad et al. reportedahthe addition of Fé

to 1 M KBi followed by potential cycling led to an increase in OER activity eBNi
while the addition of A" resulted in a decrease in OER actiityonetheless, both
showed similar electrochemical characteristics with an overatlia shift in redox

peaks after potential cycling and metal inclusi®tudies using Mossbaeur
spectroscopy and extendeeray absorption fine structure have shown that Fe

substitutes Ni sites in the lattice as seen by the strong correlations betweerF§?nd

100
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d. Codeposition of Fe

Ni-based bimetallic and trimetallic oxides have been of great interest as potential
OER electrocatalysts due to their synergistanpoting effect with NiFe hydroxides and
oxyhydoxides, namely NisFe.1O«, surpassing the activity of Ni@y and even IrQ
thus competing with the most active catalysts in alk&fn. %> %1% The role of
doping Nibased electrodes with guest metais its effect on morphologglectronic
propertiesandactivity of the catalysis needed to design efficient OER electrocatalysts.
The inclusion of guest metals has varied effects on the traretiorma and stability of
the redox couples depending on tiaure of the introduced metdl1°Namely; the
substitution oNi by F e iNi{OHJk a n d Ni@OH within the hexagonal [Nig)
sheets has been reported to incr@BRactivityo f t he A% heo wp! e
Ni(OH)2/ -NiOOH redox couple waalsoreported to be stabilizdaly F€** inclusion’®
80 This was hypothesized to be due to the greater charge of Fe leading to amiimcreas
anion intersheet bonding and an obstructibnot r an s f oNi(@H#)t'Feon t o b
codeposition was also reported to stabilize thddsied catalyst ddossbauer
spectroscopic studies performed on NiFe LDH catalyateshown that the NiOOH
latticewasstabilized due to the formation of Fe(IWeighboringNi atoms in the
bulk 07

Boettcher et akeportedthat Fe cedeposition at 25% leads to th@mation of
Ni-Fe LDH consequent | yNi(BOHO olNi@Hpand deeeasingi n g
OER overpotential by 200 m% Nocera et al. showed thite co-depositionof
Nio.oFe.1-Bi followed by andlization inFe-containing electrolyte (KOH and KBIgd to

similar results as NBi under the influence of Fe inclusion from solution, namely an

18
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increase in OER activity and Ni chargenorease taV.%> ®®Fayadet al. similarly
reported that anodic conditioning was needed for NFE#ms in Fe-containing borate
to reach maximum catalysisimilar to the increasia OERwith potential cycling after
the addition of F¥ to KBi .t
Several hypotheses have been predasoncerning the active site in these
catalysts, whether Ni is the active site and neighboring Fe promote its activity or Fe is
the active site itself’ 9 99 10210 5|.SECM (Surface Interrogation Scanning
Eledrochemical Microscopy3tudies have shown the presence of two active sites.in Ni
xF&OOH films with Fe as the fast active site and Ni and the slow activ€'%8ace Fe
was hypot hesi z e d-FEOOH dsan QER electootatalysewas i t e, 0
examined and found to henstable in alkaline due to the formation of soluble £g0O
andless OER active than Ni(Fe)By with ahigh dissolution rate at overpotentials
450 mV ©6% decrease in current density after 4 h polarizgtaord*'+1'2 5-FeOOH
has shown high adsor pti on-NiOOHHaEsRowmveak er me d i
adsorptior’® Moreover,DFT calculations showeligherOER activity (lower
overpotentialatF e si t es nei ghHBeQO#a diINWOMW andhear bot h o
optimal binding energies to GEintermediates at these sités% Thus, the substitution
and combination between Ni and Fe as a bimetallic catalyst, which ensures certain
electronicinteractions between the metals, was needed to sustaiityagtid form the
needed catalytic active sites.
DFT studies by Li et. dhowedthat he | owest OER ov-er pot en
NiOOH.1%° Goldsmith et al. showed that the formation of*Feecurs at the onset of
catalysis in NiFe@Hy films and proposed the facilitation of oxidation of'Re F&* by

NiOOH and the location of active sites todielefect sites, corners and eddés.
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Martirez et al. reported a decrease in overpotential®y 4 when comparing Fe and
Ni pathways and noted that the stability of an Fe@X) species mediated pathway
under | ow c oo r-Ni©OQHatMomoaver,dht folc@ordinated Be on the
s ur f a-ti®@OHuwas shown to be able fee to form two additional bond$* It

was also reported to be catalytically active and did not fogih-energy

intermediates*

e. Codeposition oDtherMetals

Stahl et al. studied around 3500 trimktainixed metal oxide compositions in
comparison to their pure metal oxide counterpartsrepdrtecthat the most active
OER catalysts areomposed of Ni, Fe and a third metal such as Al, Ga aféfCr.
Corrigan et al. studied the effect of-precipitated guest metals on electrodeposited
Ni(OH) films at a metal:Ni ratio of 1:9 and showed that Ce, Fe and La were the most
efficient with OER overptentials of 277 mV, 287 mV and 358 m¥éspectively, at 16
mA/cn?.%” Generally, midto-late first row transition metals have multiple oxidation
states at OER potentials and thus tend to bind to eachastti¢he electrodea oxo or
hydroxobonds!® However, similarly sized and charged metal ions did not have similar
OER activity when caleposited in Ni oxide film&® Ga can maintain almost the same
activity as Albutwas less activehanFe®® Mn resulted in low activity in some studies
even though it is one of the mainmlents forming the OEC in Phastystem 1% The
co-deposition of Cr as NiCr double hydroxide was reported to decrease OER potential
by 190 mV at 0.5 mA/cAwith respect to Ir@but didnot surpass NiFe double

hydroxide, which lowered the potential by 230 n%.Xu et al. recently reported that
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Nio.eF&.3Cro0.10x is ~ 31% more active than §\Fe.4Ox with Cr leaching out of the film
and creating pores in thatticewhich in turn increaskthe number of active sité$>

Carter et al. investigated the effect of (3 Cr, Mn, Fe, Coand 4d(Mo, Ru,
Rh)r ansition metal dopNQ@OHssing DFT CaERation&®t al y s i ¢
They examinedthel o pant s 6 adnd dtabilizgerminal oxd speciesnd the
charge transfer betwedi(lll) sites and dopanit$® They reported that Fe is the most
effective dopant for OER on NiOOfdllowed closely byCo '8 Co(lll) is less soluble
in alkaline media leading to lower desorption off Miecatalyst surfageand in turma
possible decrease OER activity*'®V(V), Mo(VI) and Ru(VIl)werealsopredictedto
lower OER overpotential in comparisongoreNiOOH possibly in a similar
mechanism as Cr(\V3° by etching into the solution and creating low coordination
defect sites in the latticé® This was hypothesized sintieesedopants take on aféld
tetrahedral coordination and thus are not likely to stay on the sdtface.

In earlier studies in this laboratory, Fayad et al. investigated the effects of Fe and
Al on the redox behavior and OER catalysis of ultratiifBi films in KBi.! They
found that both NBi and cedeposited NiFeBi films required activatiowia
anodizatiorin KBi to reach maximum OER catalysighus, theyhypothesized that the
increase in OER activity with anodization is due to Fe modifying surface sitdace
Fe,and not bulkFe! They also reportedhait the addition of Al to KBi results in a
decrease in OER activity of NBi and NiFeBi and an anodic shift in redox peaks

In this work, we examined in electrochemioaasurements the hypothesis that
high OER activity idueto Feactivated surface sitesd not bulkFe inclusionwWe also
examined the sustainability of active sites and found that OER activity decreases at Fe

activated NiQHy films in the absence of Fa solution. The deactivation method is
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proposed to be due to leepordination surfac&emoving to highcoordination bullk-e
sites.This study is presented in Chapter 3.

We also examined further the role of Al, an ion that has been reported to
increase @R activity when deposited in Mixides,on the redox behavior and OER
catalysis of Nioxo/hydroxide. Erlier work in this group showed that lowers OER
currents in KBi electrolyte. We therefore began investigating the effect of Al in
solution in theabsence and presence of Fe traaed,cedeposited in NiGHy and N

Bi. This was presentein Chapter 4.
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CHAPTERII

EXPERIMENTAL SECTION

A. Materials

Nickel (Ill) nitrate hexahydrate (Ni(N€)..6H20, 99.999%, Aldrich)iron(lll)
nitrate nonahydrate (Fe(N§.9H0, 99.95%, Aldrich) and aluminum nitrate
nonahydrate (Al(N@)3.9H>0, 99.999%, Aldrich) werased in this worlto deposited
catalystson fluorinedoped tin oxide coated glass (FTO, R g %qg'?, low iron content,
Solaronix). Boric acid (EBOz, 99.5%, Aldrich specified by manufacturer to contain:

CaU 0.005% Fe U 0.0026, heavy metalssuchas Pb)YJ 0.001%), potassium
hydroxide (KOH, puris, Aldrich, specified by the manufacturerdontain Fel
0.0005%, AlU 0.001% NiU 0.0005%, and heavyetalsU 0.0005%, indicated as
Ag/As/Bi/Cd/Cu/Hg/Pb/Sb/Sn/Mo &l 5 ppm total without exct determination of

distribution) and deionized water (resistivity £§ cm, Nanopure Diamond, CRSL)

were used for electrolyte preparation.

B. Preparation of Solutions
1. Preparation of KOH and KBi electrolytes

0.1 M KBi was used fothe electrodeposion of Ni-oxo/hydroxo, NiFe
oxo/hydroxoand NiAl-oxo hydroxdfilms while 1 M KBi and 1 M KOH were used as
electrolytes for cyclic @ltammetry and chronoamperometmeasurementf.1 M KBi
was prepared by dissolvirgj0915 g in 500 mL of deionized wateds pH was adjusted

to ~ 9.2 by the gradual addition of KQuielletswhile stirring. Similarly, 1 M KBi was
23



prepared using 30.915 g of boric acid in 500 mL of deionized water. 1 M KOH of pH ~
13.6 was freshly prepared by dissolving 2.8053 g in 50 mL of aeidnwater before

every measurement.

2. KOH Electrolyte Puification

Ad(?itio.n of ~2 mL Centrifugation at 4000
deionized water rpm for 2 min

+~20 mL 1M KOH
I to ~ 2 g of Ni(NO;), -— decantation [

—— —) —

v v v Addition of ~ 20 mL
deionized water

+~2mL1MKOH
followed by
centrifugation and
decantation over 3
cycles

followed by

Centrifugation at 4000 Addition of ~ 50 mL
rpm for 10 min and of 1 M KOH followed [
collection of by shaking and rest for pum—
supernatant ~3h -
— —

Figure 2.1: Scheme illustrating the purificatiohKOH from Fe traces.

KOH was purifiedfrom Fe impuritiesas previously reported by Boettchedr
al®*~ 2 g of nickel nitrate weradded to polypropylene conical tubes aligsolved in ~
2 mL of deionized water followed by the addition ofG-r2L of 1 M KOH. Pure nickel
hydroxide is then precipitatedhe solution was shakdmiefly by hand to homogenize
and centrifuged for 2 min at 4000 rpm followed by the decantatiordisposabf the
supernatant. ~ 20 mL of deionized water and ~ 2 mL of 1 M KOH were consecutively

added to the precipitate followég shaking, centrifugation and cntation The latter
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wasrepeatedhree times~ 50 mL of 1 M KOH was adddd the solid Ni(OH) in the

tube. The solution was shakday handfor 10 min ensuring the resuspension of the

solid in the solutionand then abbwed to rest for ~ 3 h. This wésllowed by

centrifugation at 4000 rpm for 10 mifhhe supernatant was collected in a

polypropylene beakeandt hen f i |l tered through a 0.45 ¢
60 mL LuerLok syringeinto a polypropylene cacal tube The final solution was

briefly stored inthetubefor a day or two as it waseing usedor the Fefree

experiment$® This solution igermed 1 M Fdree KOH.

C. Electrodeposition of NiOHy, NiFeOxHy and NiAIOxHy
1. Preparation of Substrates

Fluornedoped tin oxide coated glass subst
low iron content) were cut into+1 4 cn? fragmentsTheelectrodesvere cleaned by
ultrasonication for 15 min in a glass container filled with isopropanol. The solution was
disposed and replaced by deionized water. It was then ultrasonicated for 15 min as well.
Theelectrodesvere then placed on a paper towel anetlaied. The electrode geometric
area was defined using insulating epoxy resin at4bafore electrodepositioithe
width of the film is measured and the corresponding length to reach an area?d1 cm
calculated. Using parafilm, the area is covered-pga2, resin and hardener, Alte€e
05 epoxy was used as follows: a small portion of the resin is added orttzla glass
and an equally sized portion of the hardener is added next to it. The two were then
mixed thoroughly using a plastic spatula for ~ 1 toiactivate the epoxy. The latter
was then coated above the parafdovered area of the film. The upper fpan of the

film is left uncoated to allow its connection to the potentiostat during electrochemical
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experiments. The film was then left to drgm an hour to a dayBefore usage and after
drying, the parafilm is removed and the ndefined area is thorghly wiped front and
back,with acetonesoaked Kim wipes followed by etharsbakedwipedto remove any
impurities on the surfacdhe film is the rinsed off with deionized watand is ready

for use.

2. Preparation ofNi-Bi, NiFe-Bi and NiAl-B; solutions
0.4 MNIi(NO3)2 andAI(NO3)3, solutions were prepared by dissolving 0.1163 g
of Ni(NO3)2.6H20 and0.1505 gof Al(NO3)3.9H.0, respectively, in 1 mL of deionized
water. 0.4 M Fe(Ng)sz solutions were freshly prepared by dissolvingB0®g of
Fe(NG)3.9H0 in 0.5mL of deionized water directly before electrodepositidmixed
salt solutions of 19.4 M Fe(NQ)s and0.4 M Ni(NOzs)2 and 2) 0.4 M Al(NGQ)sand 0.4
M Ni(NO3)2 in a guest metal to Niratioof4er e pr epared by mi Xxi ng
Ni(NOs)2and4 0 e L of  @)30d0.4M ARND{; epectively. Ni(NG@)2and
mixed salt solutionsvere freshly diluédto a concentration dd.4 mMyvia the addition
of 20 eL of their respective 0.4 M sol utic

electrodeposion.

3. Electrodeposition of NiHy, NiFeOxHy and NiAIOxHyon FTO

NiOxHy, NiFeOxHy and NiAIOxHy were electrodeposited on FTO substrates
using a threelectrode electrochemical cell with FTO as the working electrode,
Ag/AgCI (in 3 M NaCl, Bioanalytical fistems (BAS)hs the reference electroded 1
mm diameter Pt wire as a counter electré@deampeometric it measurement at

anodic potential of 0.953 V vs. Ag/AgCl was performed in 0.4 mM of N{NQr
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mixedsalt solutions of 4:6 ratio of Fe(NJ2:Ni(NOz)2 or Al(NO3)3:Ni(NOs3)2, or 6:4
ratio of Al(NGsz)3:Ni(NO3)2in 0.1 M KBI, prepared as indicatedine previous sectign

until asetchargeof 1, 10, 100 or 400 mC/chwasreached

Amperometric i-t
measurement at

FTO electrode into 0.953 V vs.

20 mL of 0;4 mM Ag/AgCl until set
Ni(NO3)2 charge was reached

—— -_—

Figure 2.2: Scheme illustrating the electrodeposition ofkNjO

D. Eledrochemical Measurements:
1. Cyclic Voltammetry

Electrochemical measurements were conducted using CHI630A and CHI450C
potentiostats in a threglectrode electrochemical ceflade of glass for experiments in
KBi and unpurified KOH and polypropylene plastic experiments in Féree (purified
from Fe impurities) KOH.

Cyclic voltammograms (CVsyere performed in 1 M KBi, 1 M unpurified
KOH and 1 M Feree KOH The potential wascanmedin the positive direction
betweent0.6 V and 1.4 V vs. Ag/AgCl in KBi, ¥ and 1 V vs. Ag/AgCin KOH, and 0
V and 1.1 Ws. Hg/HgO in KOHCVs were acquired postectrodepositiomt 10, 20,
50 and 100 mV/sThis wadollowed by anodic conditioning (anodization), an
amperometric-t measuremenperformed in the same electytd solutionat 0.903 V

vs. Ag/Agd in 1 M KBi, 0.50 V or 0.51 Ws. Ag/AgCl or 0.58 V vs. Hg/Hg@ 1 M
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KOH with stirring at 600 rpm. CVs are acquired again at 10, 20, 50 and 100 m\¥/s post

anodizatioralso in the same solot.

2. Tafel Plot Measuremerst

Steadystate currents using amperometriccurves, run for 600 with stirring at
600 rpmto reach a steadstate, were acquired for Tafel plot measuremeistents
were measuredt several potentiafsom ~ 0.46V to 0.72 Vvs. Ag/AgCl and ~ 0.58 V
to 0.76 V vs. Hg/HgO in KOH, and ~ 0.86 V to 1.12 V vs. Ag/AgCl in KBi with an
increment of 20 mV from high to low potential. A CV was acquired-pos$¢|
measurements at 10 mV/&o calculate the overpotential for Tafel fgpopen circuit
potential wasneasure@nd the average of the last three reproducible values was used to
determinghe solution resistande correct for ohnmic potential losses using the iR
compensation test in the instrumedverpotential was calculatesing the following
eguation:

d=E-E, (Oy/H,0)-i R

where for AQ/AGCIE. { V91 . 28. 059 +( 0 p elé%i)?-go . 197

And for Hg/HgOEe § V91 . 28. 059 +{ 0 peksd2§0 . 117

The amount of electrochemically active Ni vdegermined from the cathodic peak

charges using the Gaussian peak shape mode of the CHI450C software.

3. Effect of Potential Cycling
NiOxHy, Nio.sFe.4OxHy and Nb.eAl0.4OxHy were electrodepositeas previously
describedy passing a charge of 1 or 100 fo@. The film was moved ta 1 M KBi, 1

M Fe-free KOH 0.1 M KOHor 1 M unpurified KOH solutioms indicated in different
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experimentsA CV was initially acquired at 10 mV/s followed by 10 CVs at 100 mV/s

then 1 CV at 10nV/s was acquired. This processswapeated up totimes.

4. Sustainability of Active Sites

NiOxHy andNio eFen.4OxHy were electrodeposited as previoud@scribedy
passing a charge of 1 or 10 mCfand moved to 1 M F&ee KOH where a CV is
acquired at 10 mV/s. The films were maswith deionized water and taken to 1 M KOH
where another CV is acquired at 10 mV/s. The film was anodized at\Ws5A4/AgCI
for~3 hin 1 M KOH with stirring at 600 rpm and a CV at 10 mV/s was acquired post
andalization. The film was then rinsed andwed to 1 M Feree KOH where a CV at
10 mV/s was acquired followed by 10 CVs at 100 mV/s. This was repeated 6 times for

the 1 mC/crafilm and 25 times for the 10 mC/&film.

5. Addition of Metal Impurities to the Electrolyte
NiOxHy was electrodepositeab previouslydescribedy passing a charge ofot
400mC/cnt. A CV at 10 mV/s was acquired in 1 M KBi, 1 M-firee KOH 0.1 M
KOHor1MKOH.I't was foll owed by the ag¢gsdtocki on of
solution into 20 mL of the electrolyte to form 0.16 mM offand the addition of 0.5,
4,8and16e L of t h e 3)@stodk sdlutioa int 20@nL of the electrolyte to
form 0.01, 0.080.16 and 0.32 mM of At respectively. The solution was then
manually stirred for a few seconds and followed Ig§Maat 10 mV/s10 CVs at 100
mV/sthena CV at 10 mV/s were acquired. This was repeated 6 times.
To testthe effect olower Fe amounts, NDxHy was similarly electrodeposited by

passing a charge of 1 mC/¢and two CVs at 10 mV/seveacquired in 1 M Fdree
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KOH.2¢ L 0at™M Fe(NO3} were taken and diluted to 1 mL using deionized water to
form a solution 00.8mM Fe(NO}. 3¢ Lof 0.8 mM Fe(NOjwasadded t®20 mL of 1
M Fe-free KOH amountingto 2.4 nmol of F& in solution This was followed by a CV
at 10 mV/s, 0 CVs at 100 mV/s aha CV at 10 mV/s and repeated 6tine . 25 ¢ L
0.8 mM Fe(NO), or 18.6 nmol of F&, were added to the same solution (21 nmol of
Fe**in total) and a CV at 10 mV/s was acquired again. This was followed by 10 CVs at
100 mV/s and a € at 10 mV/s and regated 6 times.

1.5¢ Lvolumeof 0.8 mM Fe(NOjwasadded to 20 mL of 1 M Free KOH
andamountingto 1.2 nmol of Fé'in solution 3 CVs at 10 mV/s were acquired
followed by anodic conditioning at 0.5 V for ~ 3 h with stirring at §&®. 3 CVsat 10
mV/s were acquired postnodization followed by 10 CVs at 100 mV/s and a CV at 10
mV/s and repeated 2 times.

Similarly, to test thicker films, NigHy was electrodeposited by passing a charge
of 100 mC/criand two CVs at 10 mV/s were ageed in 1 MFefree KOH.3 e L o f
0.8 mM Fe(NO), amountingto 2.4 nmol of F&', were added to thelectrolyte This
was followed by a CV at 10 mV/s, 10 CVs at 100 mV/s and a CV at 10 mV/s and
repeated 6timeg. €L of 0. Bverealedr@tiieldd@ne 20 mL oMLFe-
free KOHin-use and thus equating to an additional 5.6 nmol #fifsolution(8 nmol
of FE* in total). A CV at 10 mV/s was acquired again. This was followed by 10 CVs at
100 mV/s and a CV at 10 mV/s and repeated 6 times. The film was then areidized
V for 1 h with stirring at 600 rpnThis was followed by &€V at 10 mV/s, 20 CVs at
100 mV/s and a CV at 10 mV/s and repeated 2 times.

To test the effect of the addition of Pt to solution, M@was electrodeposited

at 1 mC/criandtwo CVs at 10mV/swere acqired in 1 M unpurified KOH. This was
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followed by5 CVs at 100 mV/&nd a CV at 10 mV/s; this was repeated twic€V at

10 mV/s was acquired frori.5 to 1 V to test this rangA.CV at 10 mV/s was then
acquired. 10 CVs at 100 mV/s followed by a CV aniW/s were acquired; this was
repeated twiced ¢ Lof 50 mM KoPtClL (aqueous and aged for 1 day) were added to 25
mL of 1 M KOH.A CV at 10 mV/s was acquired. 10 CVs at 100 mdiofved by a

CV at 10 mV/s were then acquiretis was repeated twicA.CV at 10 mV/s was

acquired froml1.5to 1 V.

6. Electrode Aging in Fefree KOH

NiOxHy was electrodeposited as previously stated by passing a charge of 100
mCl/cnt. A CV at 10 mV/swvas acquired in 1 M Figee KOH in the range of 0.18 V
and 0.6 V, without overcharging, followed by aging in the same solfiol5 min.

This was repeated 4 times until total time reached was 1 h.

E. SEM Imaging and EDX:

SEM images of Ni¢Hy, NiFeQHy and NiAIO«Hy electrodeposited at 100
mC/cntand 400 mC/cRwere taken using a Tescan MIRA 3 LMU FEG SEM equipped
with a SE bam detector and HBeam SE detector. EDX spectra of these films were
acquired using an Oxford Instrumentdv¥ax 20 EDX detector ahOxford INCA

software.
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CHAPTERIII
INVESTIGATION OF THEEFFECTS OF IRON INNICKEL
HYDROXIDE FILMS ON OXYGEN EVOLUTION
REACTION CATALYSIS

This work has been published in ACS Cataly&iSS Catalysi202010(1), 20
35, https://pubs.acs.org/doi/10.10atscatal.9b0258% Further permissions related to

the material excerpted should be directed to ACS.

Catalysts are neededftsten the slow kinetics of OERiistorically, raremetal
oxide OER electrocatalysts, such as iridium oxideratftenium oxid&? '’ have been
found to be the most efficient but recent studies have shifted their focus towards
investigating and designing ehp nomoble metal catalysts?2® 61 77, 92, 10105, 118122 |
and its bimetallic and trimetallic oxides, especialith Fe,havebeen shown in many
studies as efficiemornnoble metal OER electrocatalystsalkaline mediaver the
years1, 29, 61, 77,92, 10105, 118122

Studies have showamenhancement in OER activiby Ni-oxide filmsoccurs
due to the presence of Fe impurities in the electr8fy#é°° To better understarahy
catalyst, a correlation between its structure and activity is needed. Several hypotheses
have been proposed towards understanding the effect of Fe and other guest metals on
Ni-based oxide OERatalystdeading toa debate between whether Ni is thevacsite
with Fe promoting its activityor Fe is the active sité: %4 99 10210

Maximum catalysis was reached in thin(dko)/hyroxo films depated at low
anodic bias after anodic conditioning in borateféaut - *3Boettcher et al. refuted the
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i ni ti al -NNQO& formatiorhbg dvercharging and increase in Ni charge to IV
were responsible for trenhancement in OER activijbut rather the inclusion of Fe

into the catalyst films from traces of Fe in solut?ér?*°> Nocea et al. futher

hypothesized that the inclusion of Fe increases the transformation to Ni(IV) and thus
induces more NO covalency enhancing the oxyl character and in turn increasing OER
activity %

Electrochemical caleposition of Fe in Noxides, whether at anodic or cathodic
bias, via annealing of mixed salt solutions or gteghosition by incubation or aging in
Fe-containng solution leads to Fe inclusion in the catalyst filfh %4> 1920ER
activity has been measured and studied in unpurifiecbReaining electrolytés® until
recently¥+% Fe&’* substitutes for Ni" during cedeposition of Fe in NigHy leadirg to
the presence of Fe coordinated to six oxygen atoms in the Ni{&te with the
excess charge balanced out via intersheet bonding with the existing. 2rfiti&we
termthis Fea s ffbeud .k | st Fednelusibrr pasieposition via uptake from
electrolyte with aging or under bias is proposed to occupy surface sites, such as edges
and corners, and form low coordination with the latticegexs'!* We termthis Feas
isurfFedc.e Thus, t he pr esigithat®ER agtivily enbapaemeatd hy p
is due toFe included post depositigather tharfe included during anodic depositioh
NiFe-oxo/hydroxide films is studied. It was followed by two main questidhsan
bulk-Fe exchange to form surfaée in NiFeoxo/hydoxide forming active sites and 2)
are active sites in NiFexo/hydroxide, and ultimately OER activity, sustained in the
absence of Fe in solution.

The effect of mode of inclusion of Fe Wi-oxo/hydroxide films on its

electrochemical behavior and OERigity was examined in purified of Fe or Fe
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containing 1 M KOHFe was cancluded in Ntoxo/hydroxide films of different
thicknesses at a Ni:Fe ratio of 6:4 which were scanned and anadizetree
electrolyte. Moreover, Fe was included pdspositionfrom Fecontaining electrolyte
for activationof catalystthenthe catalyst wasoved to Fdree solution to examine the
sustainability of OER active siteResults showhat postdepositionsurfaceFe
increases OER activity and not biile, and that at It Fe-activatedco-deposited and
anodized NiFeoxo/hydroxide high OER catalysi€annot be maintained when Fe is

removed from solution.

A. Dependence of OER Catalysis at NitHy on SurfaceFe vs. BulkFe
1. Effect of Fe Co-deposition in Thin Nb.eFe0.40xHy)imc 0n the Electrochemical
Behavior and OER in 1 M Feree KOH and 1 M Unpurified KOH

a. Effect of Fe on OER Catalysis

Anodic electrodegpsition of N and NiFeoxo/hydroxide films at varied loading
of 1, 10 and 100 mC/ctwas performed on low Fe contddl O substrate using 0.4
mM Ni(NOs)2 or mixed Ni(NQ)2: Ni(NOg)z at 6:4 ratio in 0.1 M KBi buffer of pH ~
9.2193.95% The films were rinsed and moved to a glass cell with 1 M unpurified KOH
(containing Fe trees) or a nomlass cell with 1 M Fdree KOH®* The films are
referred to though the text according to their Ni:Fe ratio and charge during deposition

such as NigFey.4OxHy)1imc.
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Figure 3.1: Cycliovoltammograms in 1 M Free KOH at NiQHy)imc(A) and
Nio.sF&n.40xHy)1mc(B) as a first scan (a, blue), after anodic conditiommtpe same
solution (b, red) and after Tafel measurements (c, green). The insets show the
corresponding redox peaks and drefeoxygen evolution for the three scans shown.
Scan rate is 10 mV/§&igure used with permission from ACSCS

Catalysis202010 (1), 2035, https://pubs.acs.org/doi/10.1021/acscatal.9b02580

Further permissions related to the material excerpted should be directed to ACS.

Figure 3.1 show€Vs of NiOHy)1imc (A) and Nb.eFe.4OxHy)1imc(B) in 1 M Fe
free KOH at 10 mV/s: adeposited (a), after anodiorditioning (b) and after Tafel
measurements (c). Ultrathin films formed of a few monolayers of electrochemically
active Ni(OH} (2-7 nm) were electrodeposited at 1 mCicithe number omoles of
electrochemically active Ni was derivedm CVs at 10 mV/$y integrating the charge
of the NiOOH/Ni(OH} cathodic peakit equaled 0.68 + 0.24 mC/éror NiOxHy)1mc
and 0.50 + 0.10 mC/chfior Nio.eFep 4OxHy)1mc. Assuming a film density of 1.2§/cn?,

8 A per monolayeand 1.2 e/Nithenumber of moles ddctive Ni(nni) andNi(OH)2
monolayers and thickness were calcul&feth Fefree KOH,average i in as

deposited NiQHy)1mc equaled to 5.85 + 2.04 nmol/éfN = 5), with a range of 3.4
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8.1 nmol/cm, average thickness equaled to 4.34 + 1.51 nm and average monolayers
equaled to 5.42 £ 1.89 monolayers. While the averagmmsdeposited
Nio.eFe.40xHy)1mcequaled to 4.29 + 0.86 nmol/éfN = 7), with a range of 2.85.3
nmol/cn?, average Ni(OH)equivalent thickness equaled to 3.18 + 0.64 nm and average
monolayers eggled to 3.98 + 0.80 monolayefde average Ni content in-deposited
Nio.eF&.40xHy)1imcrelative to NiQHy)imcwas 73 + 29%.

CVs of asdepositedanodcally conditionedand aftefTafel NiOxHy)imcand
Nio.eF&.40xHy)imcin 1 M Fefree KOHare shown irFigure 3.1 As-deposited films
showedthe major redox Ni(OHJNIOOH redox peaks, prior iwhich, small anodic and
cathodic shoulders can be séeaddition towater oxidation currerdt higher potential
and a positive to negative reverse scan not follguire forward scarBoth films were
then anodically conditioned in the same solution of 1 Mree KOHwhich led to a
decrease in OER currents but no change in OER onset, the appearance of an anodic
wave at 0.7 0.8 V, hysteresiwith a lower oxidation arrent on the revee scan in
comparison to the forward scarhe films underwent Tafel measurements, also in the
same solution, which led to more decrease in OER activity with no change in OER
onset and the same anodic wave afi M7 V and hysteresi3he anodic peak pential
Ep,a 0f NiOxHy)1mc cathodically shifted by 6 m¥fter anodizatiomnd by 3 mV after
Tafel while its cathodic peak potentiag) Eemained almost unchanged after anodization
and Tafel. The anodic peak potentighh&f Nio.sFe.4OxHy)imcremained thsame after
anodization and anodically shifted by 3 mV after Tafel while its cathodic peak potential

Ep,c anodically shifted by 3 mV after anodization and by 5 mV after Tafel.
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Figure 3.2: Cyclic voltammograms of the second setiofsfin 1 M Fefree KOH at
NiOxHy)1mc (A) and Nb.eFen.4OxHy)imc (B) as a first scan (a, blue), after anodic
conditioning in the same solution (b, red) and after Tafel measurements (c, green). The
insets show the corresponding redox peaks and onset ofrosygleition for the three

scans shown. Scan rate is 10 mVHgure used with permission from ACSCS
Catalysis202010 (1), 2035, https://pubs.acs.org/doi/10.1021/acscatal.9b02580

Further permissions related to the material excerpted should be directed to ACS.

A similar trend was seen in all films with variatiaa seen in Fige 3.2 which
shows CVs of other films of NigMy)imcand Nb.gF&.4OxHy)imcin 1 M Fefree KOH. A
slight increase in OER currerdafter anodization followed by a decrease after Tafel with
no change in OER onset, asichilar hysteresis and an anodic wav@.@fi 0.8 V in
NiOxHy)imc. A slight anodic shift in Eaof NiOxHy)imcwas seen after anodization
followed by cathodic shift returning it to its place after Tafel. While a slight cathodic
shift in B aand a slight anodic shift of 3 mV i, Eof Nio.sF&4OxHy)1imcwere observed
after anodization followed by distinct anodhifs of 13 mV in B aand 22 mV in k¢

after Tafel.
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Figure 3.3Cyclic voltammograms of Ni@Hy)imcfilm in 1 M Fe-free KOH as a first

scan (C\ blue) and then CVs acquired aft€r CVs were taken at 100 mV/s, repeated 7
times in the same solution. &lnsets show the Ni(OENIOOH redox peaks. The
number of CVs (140) refers to the total number of scans acquired at 100 mV/s. Scan
rate of all CVs in this figure is 10 mV/Bigureused with permission from AC&CS
Catalysis202010 (1), 20-35, https://pubs.acs.org/doi/10.1021/acscatal.9b02580

Further permissionslated to the material excerpted should be directed ta ACS

The effect of potential cycling in Feee KOH was studieds seen in Figure 3.3
which shows the CVs of NiBly)imcat 10 mV/s performeuhitially and after each of the
six cycles of 10 CVs at TOmV/s in 1 M Fefree KOH. The OER current of this film
decreased with potential cycling with the appearance of an anodic wave at ~ 0.75 V and
hysteresis. A slight cathodic shift in, BEwvas seen dg after the second scan with no
additional shift seen wht further cycling (except for the last cycle) while almost no
change was seen in, E The variations in the electrochemistry of this system can be

linked topresence of Fe traces in the purifiedlodtolyte.
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The amount of Ni in agdeposited NiGHy)1mc(N = 4) was calculated to be 6.46
+ 1.73 nmol/crand left almost unchanged at 6.34 + 1.85 nmdlafter anodization
and 5.91 + 1.11 nmol/chafter Tafel.Thus, an average decrease of 8.5 + 2.8% was
recorded. While the amount of Ni in-deposited NigFey.4OxHy)imc(N = 4) was
calculated to be 4.46 + 1.11 nmolfkand left almost unchanged at 4.36 + 0.93
nmol/cn? after anodization and 4.13 + 1.04 nmolfafter Tafel. Thus, an average
decrease of 4.+ 2.6% was recorded. This leads to the conclusion that film dissolution
wasnot significantand thus was not the reason behind the decrease in OER currents

with anodic conditioning and Tafel measurements.
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Figure3.4Taf el pl ot s, VpversuslpggXAdm),tfor NiQxHy)gmc anan
Nio.eF&.40xHy)1mcfilms anodized in 1 M Féree KOH and measured in the same
solutions (ab) andNiOxHy)imc and Nb.eFe.4OxHy)imcfilms anodized in 1 M unpurified
KOH and measurkin the same solution{@). These Tafel plots correspond to films
whose CVs are presentedrigure 3.13.5(A) and 32-3.6 (B). Figure used with
permission from ACSACS Catalysi202010(1), 26
35, https://pubs.acs.org/doi/10.1021/acscatal.9b035BQrther permissions related to
the material excerpted should be directed to ACS
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Tafel plots of NiQHy)imcand Nb.eF&.4OxHy)1imcfilms anodized in 1 M Féree
KOH arepresentedn Figures 3.4. The Tafel slopes of NK))imcequaled 84 and 120
mV/dec while those of NisFe.4OxHy)imcequaled 104 and 165 mV/dec. Variations in

Tafel sbpes can be attributed to traces of Fe in theipdrélectrolyte angossible

range of mixed U/ b phases in the fil m.

indication thain the absence of Fe in solution, the codeposition of Fe in
Nio.eF&.40xHy)1mcdid not lead to an increase in OER activityldhus a more active

catalyst.
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Figure 3.5: Cyclic voltammograms in 1 M KOH at NK})imc(A) and
Nio.eFen.4OxHy)1imc(B) as a first scan (a, blue), after anodic conditioning in the same
solution (b, red) and after Tafel measurements (c, greenjn$ées show the
corresponding i@ox peaks and onset of oxygen evolution for the three scans shown.
Scan rate is 10 mV/&igure used with permission from ACSCS

Catalysis202010 (1), 2035, https://pubs.acs.org/doi/10.1021/acscatal.9b023580

Further permissions related to the material excerpted should be directed.to ACS

40



Figure 35 shows CVs of Ni@Hy)imcand No.sFen.4OxHy)imcasdeposited (a),
anodized (b) and after Tafel (c) in 1 M KQWhich contains traces of Fe impurities,
done for comparison to the 1 Mf¥ree KOH.OER activity of both films Ni@Hy)1mc
and Nb.eFen.4OxHy)imcincreased with anodic conditimg in 1 M KOH with an anodic
shift in both redox peaks amalf wave potential, &, by 29 mV and 22 mV,
respectively. This was similarly seen in the behavior eBNn KBi.» 7 %3Similarly, an
increasan OER curents was also seen in the anodizatibtracesperformed in 1 M

KOH in contrast to the decrease seen in 1 Mree KOH(Figure 3.14)
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J (mA/cm?)

£
L01 -15 4
5

02 b

03
08 05 04 03 02 as 04 03 02

E (V) vs. Ag/AgCl E (V) vs. Ag/AgCl

11 09 07 0.5 03 0.1 0.1 ey 0.9 07 05 03 01 0.1
E (V) vs. Ag/AgCl E (V) vs. Ag/AgCl

Figure 3.6: Cyclic voltammograms of the second set of films in 1 M KOH at
NiOxHy)1mc (A) and Nb.eFen.4OxHy)imc (B) as a first scan (a, blue), after anodic
conditioning in the same solution (b, red) and after Tafel measurements (c, green). The
insets show the corresponding redox peaks and onset of oxygen evolution for the three
scans shown. Scan rate is 10 mVEHgure used with permission from ACSCS
Catalysis202010 (1), 2035, https://pubs.acs.org/doi/10.1021/acscatal.9b023580

Further permissions related to the material excerpted should be directed.to ACS

OER currents remained high after Tafel or slightly decreased at high potentials

as seen in the other films examined in Figdife with a slight anodic shift in 4z of 4
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mV for NiOxHy)imcand a greater anodic shift of 20 mV forndtey.4OxHy)1mc (Figure
3.5). A similar trend with a slight anodic shift in anodized Nig)imcand
Nio.eF&.4OxHy)imcand a further anodic shiffter Tafel was seen in Figure&3 Films
tested in 1 M KOH did not show any hysteresis or an anodic wave in addition to the
reverse scan almost tracing the forward séanodization in 1 M KOH also leads to the
formation of a cathodic shoulder, denotedh\adpositive to the main cathodic peak,
denoted as A, which increases in size after Tafel and is more prominent in

Nio.eF&n.40xHy)1mc.
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Figure 3.7 Cyclic voltammograms of NiHy)imc film in 1 M KOH as a first scan (CV
blue) and then CVs acquired afttd CVs were taken at 100 mV/s, repeated 6 times in
the same solution. The insets show the Ni(ZWMDOH redox peaks. The number of
CVs (1060) refers to the total number of scans acquired at 100 mV/s. Scan rate of all
CVs in this figure is 10 mV/ssigure wised with permission from AC&CS
Catalysis202010 (1), 2035, https://pubs.acs.org/doi/10.1021/acscatal.9b02580.

Further permissions related to the material excerpted should be directe®&to AC
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The effect of potential cycling was also studied in 1 M KOH atyNiAmc
(Figure 37) and resulted in a similar trend to anodized filmthis electrolyte: a
decrease in OER overpotential, increase in OER currents, anodic shifts in both redox

peaksand loss of hysteresis.
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where nmol is for the electrochemically active Ni centensNiOxHy)imc, and
Nio.eF&n.40xHy)1mcfilms anodized in 1 M Réree KOH (ab) andunpurified 1 M KOH

(c-d), and measured the same solution: for the Tafel plots in Figure 3.1 and 3.5 using
1.2e/Ni for determining nmol of Ni for all films in both solutiofsgure used with
permission from ACSACS Catalysi202010(1), 26

35, https:/pubs.acs.org/doi/10.1021/acscatal.9b025&urther permissions related to

thematerial excerpted should be directed ©A

Tafel plots of NiQHy)imcand Nb.eF&.4OxHy)imcfilms anodized in 1 M KOH

arepresentedn Figure 3.4. The Tafel slopes of Nid})imcequaled 37 and 44 mV/dec
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while those of Nj.eFen.4OxHy)imcequaled 4%nd 43 mV/dec and fall in the literature
range of ~ 40 mV/dec for thin NBi films in KBi and Ni(OH) films in unpurified KOH
(with Fe traces}. " 92°% > Normalized Tafel plotin 1 M KOH and 1 M Fdree KOH,
using 1.2e/Niareshownin Figure 38 where the currents are divided by the number of
active Ni as calculateiom the CVs acquired after Tafélhe plots show thaDER

activity is proportionabver some overpotentialg active Ni centers.

b. Effect of Fe on Redox Peak Behavior

Thepresence of & during deposition did not lead to a shift ipBr a decrease
in peak separatiomp k. As-depositedNiOxHy)imcrecorded amp i of 76 £ 3 mV (N =
5 and 79 £ 3 mV (N =10) in 1 M Heee KOH and 1 M KOH, respectively, while
Nio.eF&.40xHy)imcrecorded anpi of 78 6 MV (N=7)and 76 t5mV (N=9)in1 M
Fefree KOH and 1 M KOH, respévely. Codeposition of Fe in NFei-x-Bi films
studied in KBi previously showed no shift in/Eanda decreasm ok, which112+ 7
mV for NioeFe&.4+-Bi and 134 + 8 mV for NBi.! An anodic shift in redox peaks was
reported ircertainprevious studies wie Fe was codeposited with-Nir Co-oxides?
9495, 9899, 107, 124 however, this was not the trend in all cases and depended on the
deposition and incorporation mett®used in catalyst preparatib?+1%6 Swierk et al.
reported a ecrease inp Ewith no anodic shift of redox peaks with Fe inclustéh.
Scherson et al. reported a slight cathodic shift in redox gé&Rsettcher et al. also
reportedthatno shift in redox peaks witle incorporation of Fe from solution into
cathodically deposited Ca8y while an anodic shift was seendathodically
codeposited Co(Fe)Bly .1>* An anodic shift was observed with anodiaatin Fe

containing electrolyte of anodically depositdths. Anodic codeposition of
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Ni(Fe)OHy might not have led to the inclusion of Fe into a Ni(@phasen whichFe
either strongly interacts or is placedsiteswhich would have resulted in an aho

shift.

2. Effect of Fe Cedeposition in Thick Né.6F€0.4OxHy)100mcon the Electrochemical
Behavior and OER in 1 M Feree KOH and 1 M Unpurified KOH

a. Effect of Fe on OER Catalysis
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Figure 3.9: Cyclic voltammograms in 1 M-free KOH (A, B) andn 1 M KOH(C, D)
at NiOHy)100mc(A, C) and Nb.eFen.40xHy)100me(B, D) as a first scan (a, blue), after
anodic conditioning in the same solution (b, red) and after Tafel measurements (c,
green). The insets show the corresponding redox peaks and onsggerf evolution
for the three scans shown. Scareriat10 mV/sFigure used with permission from
ACS; ACS Catalysi202010(1), 2G

35, https://pubs.acs.org/doi/10.1021/acscatal.9b02580rther permissions related to
the material excerpted should be directed to ACS.
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The effect of film thickness was also examined at thickerNj{doomcand
Nio.eF&.40xHy)100mcfilms electrodepositd at an anodic charge of 100 mCidor ~ 30
min in 0.1 M KBI, unpurified from Fe traceBigure 39 shows CVs of asleposited,
anodized and after Tafel NiBy)ioomcand Nb.sFe.4OxHy)10omcfilms in 1 M Fe-free
KOH (A, B) and 1 M KOH(C, D). The Ni cathodic peak charges measured in 1 M Fe
free KOH for asdeposited NiGHy)100omc (N = 4) and Nj.sFe.40xHy)100mc (N = 7) were
8.1 + 2.7 mCl/crhand 4.9 + 2.1 mC/ctrespectively, thus resulting in 60% * 33% Ni
in Nio.eFen.4OxHy)100mcto NiOxHy)10ome Similarly, the Ni cathodic peak charges
measured in 1 M KOH for adeposited Ni@Hy)10omc(N = 2) and Ni.eFe.40xHy)100mc
(N = 4) were 10 + 3.8 mC/chand 5.2 + 1.3 mC/cfarespectively, thus resulting in
52% = 24%Ni in Nio.eF&.40xHy)100mcto NiOxHy)100me Though the films are deposited
at a charge of 100 mC/énthey are only around 1TR times thicker than the 1 mC/ém
films due to most of the charge used by OER during electrodepoditimker films are
more (ER activeactuallydue tolarger areand sites, and possiblgrger intake of Fe
traces from the borate deposition solution.

Thefollowing number of moles of Ni, charge and equivalent Ni(&tHickness
were calculated for the thicker films in Figure .3\ sFe.40xHy)100mc (8.0 mC/cm as
deposited) in 1 M Féree KOH contained 69 nmol/&nwhich decreased to 51
nmol/cnt after Tafel. NiQHy)100mc(11.9 mC/cr asdeposited) in Féree KOH
contained 103 nmol/chwhich decreased to 72 nmol/Zafter Tafel While
Nio.6F&.40xHy)100mc (6.2 mC/an? asdeposited) in 1 M KOH contained 53 nmolfm
which decreased to 43 nmol/€atfter Tafel. NiQHy)100mc(12.6 mC/cm asdeposited)

in KOH contained in 109 nmol/cihwhich decreased to 68 nmol/eafter Tafel.
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OER currents of Ni@Hy)1oomcand Nb.eFen.4OxHy)10omcincreased with
anodization in 1 M KOH, and the redox peaks slightly shifted anodically for
Nio.eF&.40xHy)100mcWhile only the cathodic peak slightly shifted anodically for

NiOxHy)100mc (@almost no changa the anodic peak).

Figure 3.10: SEM image (A) and EDX spectrum (B) of ane@gosited
Nio.eF&n.40xHy)100mcfilm. Figure used with permission from ACACS
Catalysis202010 (1), 20-35, https://pubs.acs.org/doi/10.1021/acscatal.9b02580

Further permissionglated to the material excerpted should be directed to ACS.
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Figure 3.11:Powder Xray diffraction (XRD) patterns for NiFey 4OxHy)100mcon FTO,
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asdeposited (A) and anodized in 1 M-ffee KOH (B), and two different FTO
electrodes (C)Figure used with permission from ACSCS Catalysi202010 (1), 20
35, https://puls.acs.org/doi/10.1021/acscatal.9b0258Burther permissions related to

the mateial excerpted should be directed to ACS.

Figure 3.D shows an SEM image of-@eposited NisFe.4OxHy)100mg Which
features nanoflakbke structures, and an EDX spectrum identifying both the Ni and Fe
peaksFigure 3.1 shows XRD spectra of bléFe.4OxHy)10omcasdeposited (A) and
anodized in 1 M Féree KOH (B) which only showed peaks characteristic of the FTO
electrode (C)confirmingthe amorphous nature of the filmeported by Nocera et.#

XRD spectra were also acquired for NKy)ioomcand Nb.eF&n.40xHy)10omcasdeposited
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and anodized in 1 M KOH and 1 M fime KOH and showed similar resufishe broad

peak at around 25n spectra A and B was seen in XRD spectra of some FTO surfaces

(C, blue), though can be removed (C, green) with cleaninggutrately prior to

acquiring a spectrupand therefore cannot be attributed to Ni(@B)i n | a

et

al

repored similar findingswith thick Ni-Bi films electrodeposited on ITO electrodes at 1

C/cn? showing only ITO diffraction peaksThe latter films were previously reported to

be amorphous with ~ 2 nmanocrystallinelomains®®
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vol tammogr ams,xHyodmt

(a, blue) and NisFey.4OxHy)100mc(b, red)in 1 M Fefree KOH (A-B) and in 1 M KOH

(C-D) as a first scan. The insets show the Ni(&NM)OOH redox peaks and the onset
of oxygen evolution for the three scans shown at each film. Scan rate is 1GFm\urs.
used with permission from AC&CS Catalys202010(1), 26
35, https://pubs.acs.org/doi/10.1021/acscatal.9b02580rthe permissions related to

the material excerpted should be directed to ACS.
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Theresults @ not show thaOER activity ofasdepositedNio.eFer.40xHy)100mc
washigher than that dNiOxHy)10omcWhen normalized to Ni conterffigure 3.2 shows
CVs and normatied CVs (current divided by number of moles of active Ni vs.
overpotential) of NiQHy)1oomcand Nb.sF&.4OxHy)10omcin 1 M KOH and 1 M Fdree
KOH. CVs showed a similar OER onset between RiProomcand Nb.sFen 4OxHy)100me
in bothsolutions while norma@ted CVs showed better OER activity for
Nio.eF&.40xHy)100mcin 1 M Fefree KOH but comparable activity in 1 M KOH with
variationwas observed for different filmé&nodic cedepositionof Fe with Nidoes not
mainly lead tothe placement dfein OERactivesites but during application of anodic
bias for 30 min, Fe traces from KBi can calculate Ni(&sites for OERThicker
Nio.6F€n.40xHy)100mcfilms, similar to thin Né.eFen.4OxHy)1mc, needed anodic
conditioning in Fe comining KOH to reach maximum OERtavity even with its
higher Fe content and longer deposition time in the presence of Fe in solution.
Nio.eF&.40xHy)10omcanodized in 1 M Fdree KOH exhibited a moderate increase in
OER activity at high potentials but Wino change in OER onset and btigysteresis.

A decrease in currents at high potential was seen after Tafel but also with no change in
onset and increased hysteresis, similar tfb.4OxHy)1imcin 1 M Fefree KOH.
NiOxHy)10omcshowed comparable ressibut with almost no change inrcents after

anodization.
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Figure 3.13Cyclic voltammograms of NiFey.4OxHy)10omcfilm in 1 M Fe-free KOH,

as a first scan (Ci\blue) and then CVs acquired after 10 CVs were taken at 100 mV/s,
repeated 6 times in the same solution. Scan rate oWalliCthis figure is 10 mV/s. The
insets show the Ni(OHNIOOH redox peaks. The number of CVs@®) refers to the
total number oBcans acquired at 100 mVKRgure used with permission from ACS;
ACS Catalysi®02010 (1), 2635, https://pubs.acs.orgsif10.1021/acscatal. 9002589

Further permissions related to the material exeerphould be directed to ACS.

Figure 3.8 shows the potential cycling of fFe).4OxHy)100mcin 1 M Fefree
KOH. This resulted ina less activeatalyst with gorogressive decrease in OER activity,
a positive shift in OER onset (to higher potentiall an increase in hysteresisnilar

to results of the ultrathin films
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Figure 3.14Anodization plots €t plots) of ultrathin Nio.sF&.4OxHy)imc (A) and thicker

Nio.eFe.4OxHy)100mc (B) films biased at 0.5 V vs. Ag/AgCl in 1 M Feee KOH (a, red
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traces) or unpurified 1 M KOH (b, blue traces) as indicdteglire used with

permission from ACSACS Catalys202010(1), 20

35, https://pubs.acs.org/doi/10.1021/acscatal.9b035BQrther permissions related to

the material excerpted should be directed to ACS.

Figure 3.4 shows the anodizatiorticurves ofNio.eF&.40xHy)1mc (A) and
Nio.eF&.40xHy)100mc(B) in 1 M Fefree KOH (a) and 1 M KOH (b). OER currents

decreased then slightly increased in 1 Mfifee KOHat Nio.sFe.4OxHy)100mcWhile the
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currents greatly increased in 1 M KGiiilar to thinner flmsThe slight increaseni
OER activity in thickeNio.eFe.4OxHy films in 1 M Fefree KOH (not observed in
thinner Nb.eFe&.4OxHy films) may be due to the larger amount of Fe in the film that
might have leached out of the bulk and reactivated certain sitegd{Nie@mcshowed a
similar increase in current with anodization in 1 Mffeee KOH (followed by a
decrease after Tafel) witianight be due to activation of kecludedfrom traces in the

deposition solution.
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Figure 3.15: Tafel plots (A) and normalized Tafel pI(®) (C) for Nb.eFen.4OxHy)100mc
(a-c) and NiQHy)100omc(d-e) films anodized in 1 M unpurified KOH amdeasured in

the same solutions. Normalization

was done using 1.2e/Ni for nmol of Ni (B) and for

determining nmol of metal, assuming 40% Fe content\f@gFe).4OxHy)100mc(C).

Tafel plots (D) and normalized Tafel plots (E) for Mi®)1mc (a), Nio.eF&.4OxHy)1mc

(b), NiOkHy)10mc (c) and Nb.eF&.40xHy)1ome (d) films anodized in 1 M KOH and
measured in the same solutions. Normalization was done usei®lilf@r determining
nmol of Ni in (E). Plot (d) from (B) has been added in (E) for comparison. Number of
mole of Ni are calculated from pe$afel. Note thaHg/HgO was used for one of the
Tafel plots of NiQHy)i00(0range. A and B), in the rest used Ag@\. CopyrightFigure
used with permission from AC&CS Catalysi202010(1), 26

35, https://pubs.acs.org/doi/10.1021/acscatal.9b02580rther permissions related to
the material excerpted should be directed to ACS.
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Figure 3.5 shows the Tafel plotand normalized Tafel plotsf NiOxHy)100mc
and Nb.eFe.4OxHy)10omcin 1 M Fefree KOH and 1 M KOHNio.eFey.4OxHy)100mcand
NiOxHy)10omcfilms of Figure 3.9.AexhibitedTafel slopes of 106 and 152 mV/decl
M Fe-free KOH, respectively, and 47 aB8 mV/dec in 1 M KOH, respectivelyrhe
Tafel slopes were comparable to those of tien#r films confirming that OER activity
is still low in the absence of Fe in solution even with Fe codeposition at hogtakémg.
Tafel and normalized Tafel ploits 1 M KOH showed the loweDER activity of
Nio.eF&.40xHy)100mcWith respect to NiHy)10anc, €ven when NisFe.4OxHy)10omcwas
normalized to nmol of Nby assuming 40% Fe content to determine total nmol of metal
(Figure 3.5.C). This normalization was done to take into account the total metal
content in the caleposited catalyst films (and thanly the Ni content)Normalized
Tafel plots of the thinner NiFe.4OxHy)1imc, NiOxHy)1mc, Nio.eFen.4OxHy)iomcand
NiOxHy)1omc showed similar activity in 1 M KOHFigure 3.5).

Tafel plots and normalized Tafel plots of NKY)i0omcand Nb.sFen.4OxHy)100mc
in 1 M Fefree KOH show a greater activity atd¥iFen.4OxHy)10omc(Figure 3.16a, b, c)
but this was not the general trend as other films showed variations (Figurd,3&)6

This might be due to the amount of Fe traces left in the purified.
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Figure 3.16Tafel plots (A) and normalized Tafel plots (8} Nio.sF&.4OxHy)100mc(a

b) and NiQHy)100mc (c-€) films anodized in 1 M Féree KOH and measured in the
same solutions. Normalization was done using 1.2e/Ni for determining nmol of Ni in
(B). Number of mole of Ni is calculated from pdsifel measurementBigureused

with permission from ACSACS Catalysi202010(1), 20

35, https://pubs.acs.org/doi/10.1021/acscatal.9b02580Qrther permissions related to

the material excerpted should be directed t&6AC

Differencesin electronic and mass trawstresistance in fins of various
thicknesseseads to a variation in their OER activity with loadif§Electron and mass
transport will depend on morphology and deposition technidqeshellor et al.
reported that continuous cathodically deposited films resultdddreased TP with
increasindilm loading, but pulse deposited films resuliadncreased TOF with
loading? It is possible that Ihigher Fe conterih thicker films,2) structural changes
during anodization an8) uptake of Fe from solution lead ¢banges irmorphology
and Fe distribution in the filmThese changes possilaifect eectronic and mass

transport resistances and cause lower TOF @& 4<OxHy)100mc As the lower activity

of Nio.eF&.4OxHy)i0omcwas only seenin LM KOH, hen it i s rel ated
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transformations specifically in this electrolyte and not its deposi@orthe other hand,
otherNio.eF&.40xHy)100mcfilms in KOH maintained the general trend of increase in
activity with increased loading possibly due to having no changes in nanostryietu

higher thicknesses.

b. Effect of Fe orRedox PealBehavior

As-deposited A Post-Tafel

J(mA/cm?)

0.55 0.45 0.35 0.25 0.15 ' 0.55 0.45 0.35 0.25 0.15
E(V) vs. Ag/AgCI E(V) vs. Ag/AgCI

Figure 3.7: Cyclic Voltammograms acquired at 10 mV/stvbeen the same scan limits

as in Figure 3.9, showing the region of the redox peaks and onset of oxygen evolution
for NiOxHy)10omcin unpurified 1 M KOH (i) and in R&ree 1 M KOH (ii) asdeposited
(blue) and afteiTafel measurements (greeR)gure used wh permission from ACS;

ACS Catalysi®02010 (1), 2635, https://pubs.acs.org/doi/10.1021/acscatal.9b03580

Further permissions related to the material excerpted should be directed to ACS.

CVs of asdeposited NiQHy)10omcShow mnor redox peaks, denoted B, at 0.32
and 0.56 V in 1 M Féree KOH and at 0.32 and 0.55 V in 1 M KOH tef the OER
onset and at more positive potentials than the major redox peaks, denoted A, at 0.241
and 0.402 Vin 1 M RéreeKOH and at 0.242 and 0.410 V in 1 M KOH (Figure@.1
These peaks are hypothesized to be for a gqeastsible process possibly
corresponding to one couple since the peaks cannot be seen in CVs after aging or
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potential scannind A cathodic shoulder can also be seen iglsR 4OxHy)1mcand
NiOxHy)1mc due tooxidation peak Bnerging with the OER onsdoettcher et al.
reported that small amounts of Ni(IV) at edge and corner sites or other sites is possibly
linked to an oxidation peak at 0.6 V vs. Hg/Hf@.can be that a¢ain sites such as Ni
edge and c oNi(@H):s -NNiOOH aeedinkédno the B peaks. Their
disappearance could be due to the smoothing of these sites with dissolution/redeposition
with no reformation with overcharging or potential scanning.
Themajor redox peaks in thicker-deposited films is made of two combined
peaks A and A6. The observed peak splittir
activity but Fe inclusion since it is also seen in CVs of JM@imc after the addition of
0.16mM Al**to 1 M Fefree KOH (Figure 4.5). Though peak splitting was
accompanied with an increase in OER activity for ultrathin films in 1 M KOH, greater
splitting was seen after Tafel with a slight decrease or no change in activity. Hence,
maximum actitycoul d have been achieved at a cert
even observed in CVs of-@eposited thicker films due to the longer deposition time
|l eading to Fe inclusion as both bul k Fe ar
either due to Nacives sites with Fe inclusion or Ni neighboring Fe active sites as the
Ad peak is more dependent® on the presence
The observed anodic wave at 0.75 V in 1 Mffee KOH is possibly attributed
to the ove-Nc®HNOOHKis ethal. have previously reported an
anodic peak at 0.7 V vs. Hg/HgO in-FFee KOHwhich shifts anodically with aging
accompanied by a decrease in OER agtit/iA decrease in OER activity and increase
in hysteresis but with no shift in A peaks was seen with CVs ofiifanc after Tafel

and after potential scanning in 1 M-ffee KOH.The absence of shift in A peaks could

58



be due t@-NiOOH, formed after overcharging,e duci ng -NifOHeatt |l y t o b
potenti al s eNODH,erthe peakbdinglti floed bt o a mi xed U

transformation in thin films in Free KOH?82

B. Sustainability of the Active Sitein the Absence of Fe in Solution

The ability of the catalyst films to sustain their OER\attiif they were
activated initially postdeposition in Fentaining solution and then moved to arnfifee
solution wasgnvestigatedNiOxHy films were deposited at 1 and 10 mCfand
anodized in. M Fe-containingkK OH, then potentially cycled in 1 M Feee KOH.
Figure 318 and 3.1%how the CVs of Ni¢Hy)imc and NiGQHy)1omc, respectivelya first
scan CV in 1 M Fdree KOH (i), a first scan CV in 1 M KOH followed by anodization
in this solution ad a post@anodization CV (ii), a posanodization CV in 1 Mre-free
KOH followed by potential cycling in 10 CVs at 100 mV/s and a CV at 10 mV/s

acquired at 10 mV/s, repeated n times wher
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Figure 318: Cyclic Voltammograms for Ni¢Hy)imc as (a) a first scan for the-as
deposited film in 1 M Rdéree KOH, (b) a second scan after the film was moved to 1 M
KOH, (c) after anodization in 1 M KOH, (d) after the anodized film was moved back
into Fefree KOH, and (e) scans acquired infFee KOH after increments of 10 CVs
were taken at 100 mV/s in théslution, this was repeatédimes;some of the CVs are
shown. Scan rate is 10 mVKgure used with permission from ACSCS
Catalysis202010 (1), 20-35, https://pubs.acs.org/doi/10.1021/acscatal.9b02580

Further permissionglated to the material excerpted should be directed to ACS.

The initial CV of asdeposited Ni@Hy)imcin 1 M Fefree displayed lower OER
activity than that in 1 M KOHFigure 318). While the CVs after anodization in both
solutions had similar OER acttyiwith a 9 mV cathodic shift in & of major redox
peaks in 1 M Fdree KOH. The OER activity prograssly decreased with potential
cycling in 1 M Fefree KOH accompanied with the appearance of a second oxidation
wave and an increase in hysteresis. inmaber ofmoles ofactive Ni in the film
equaled to 4.94 nmol/chin the first CV in Fefree KOH after aodization which

slightly decreased after 60 CVs to 4.46 nmolemoving that the decrease in OER
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activity was not due to the dissolution of Ni. An drmshift of 8 mV in k2 was seen in
the cathodic peak after cycling with a decrease in peak sepdratio®3 mV to 82

mV.
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Figure 3.19Cyclic Voltammograms for Ni¢Hy)iomcas (a) a first scan for the-as

deposited film in 1 M Rdéree KOH, (b) a second scan after the film was moved to 1 M
KOH, (c) after anodization in 1 M KOH, (d) after the anodizeu fitas moved back

into Fefree KOH, and (e) scans acquired inffee KOH dter increments of 10 CVs

were taken at 100 mV/s in this solution, this was repeated 25 times; some of the CVs are
shown. Scan rate is 10 mVKgure used with permission from ACSCS

Catalysis202010 (1), 20635, https://pubs.acs.org/doi/10.1021/acscat®2580°2

Further permissions related to the material excerpted should btedite ACS.

A similar result was seen in Nily)iomcwith the same initial OER activity after
anodization in both solutions and a decrease in activity after potential cyclimg in t
purified solution(Figure 319). For this thicker film, potential scaimg was done until
the activity of the film decreased less than that of theéep®sited film with the

appearance of the second wave and hysteresis. The amount of Ni in the Higiistt
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CV in Fefree KOH after anodization equaled to 21 nmof/cstightly increased to 22
nmol/cn? after 60 CVs and then decreased to around 15 nnvodfter 250 CVs. No
dissolution of Ni was seen after 60 GWsit some dissolution was observafter 250

CVs, however, this does not explain the decrease in activity wheracedhip the

amount of Ni (4.94 nmol/cf)in anodized Ni@Hy)1mc Scanned in Féree KOH after
activation (Figure 3.8). Anodic and cathodic shifts in major redox peaks were seen
afterpotential cycling with a 10 mV shift inikz after 60 CVs (0.326 V to 0.336 V)
foll owed by a 12 mV shift after 250 CVs
from 103 to 92 mV after 60 CVs followed by a slight increase to 94 mV after 250 CVs.
Thus, the electrochemical behavior of the film shtives the activated catalyst is
reverting back to its original inactive form in the absence ahBelution, andhe

present Fe in the film wasifficient tostop inactivation in the FiFee electrolyte.
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Figure 3.®: Cyclic voltammograms for NiFe)4OxHy)1iomc as follows: a) a first CV for
the asdeposited film in 1 M Fdree KOH, b) a second CV after the film was moved to
1 M KOH, c) CV after anodization in 1 M KOH, d) CV of anodized film moved back
into 1 M Fefree KOH, and e) CVs acquired in 1 M-Fee KOH after increments of 10
CVs were taken at 100 mV/s in this solution, this was repeated 25 times, some of the
CVs are shown. Scan rate is 10 m\Hgure used with permission from ACSCS
Catalysis202010 (1), 2035, https://pubs.acs.org/doi/1@21/acscatal.9b02588

Further permissions related to the mateziaderpted shad be directed to ACS.
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Codeposited NieFen.4OxHy)1omcshowed similar results with an increase in OER
activity after anodization in 1 M KOH followed by a gradual decrease in activity and
increase in hysteresis with potential cycling in Fbifree KOH Figure 3.D). A
decr ease o pwith b chanige in fa aftep the first 10 CVs was seen
followed by an anodic shift of 13 mV ink(343 to 356 mV). A cathodic shift in the
anodic peak was also recorded after the first 10 CVs folldwean anodic shift wbh
could imply an initial leaching of F&Vith continued cycling, an anodic shifas
observed in k2, andanincrease in reversibilityBoth arelinked to the presence of Fe in

Ni(OH)..

C. Dependence oDER Activity at Ni(Fe)-Oxo/Hydroxide onthe Presnceof Fein
Solution
1. Possible DeactivatioMechanism

A Ni bulk site in Ni(OH)» can be substituted by Feleecan deposit on the
catalyst surface. Carter et al. reported that the mechanistic path witotodination
F e 4Ni®@OHbled to a decrease OER overpotential based on DFT studi¥dn this
work, supporting the previous claim, no promotion of OER activity in both hitraind
thicker codeposited NiFexo/hydroxo films was seen, and OER activity was not
sustained in the absence ofikeolutionin both Feactivated NiQHy and
Nio.eFen.4OxHy films. High Tafel slopes in the range of 100 mV/dec or highere
measured foultrathin and thicker codepositedoFey 4OxHy films in Fefree KOH

OER activitydecreaseadfter anodic conditioning in Fieee KOH.Activation in Fe
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containing solution was needed for anodically codeposited-diBéydroxo films at
6:4 Ni:Fe ratio.These results support an initial hypothesis that Feeposited during
anodic cedeposition in bulk Ni(OH)sites is not the cause of promotion of OBRs
thoughtthat Fe occupies a surface site after incorporation from solution after deposition
and isnot in full coordination to lattice O atorhé leading to films withhigh OER
activity andTafel slopes of 40 mV/de&ven if activated, in the absence of Fe in
solution, the active sites in the film are not sustained and thus return to an OER less
active or inactive formlf Fe leaching out is the cause of tteactivation, therihe
probableFeredeposition is forming inactive sites (with Ni redeposition after dissolution
in KOH) as Fe traces in solution were the cause of the increased OER activity in
unpurified KOH.Moreover, Fe leaching is generally accompanied by with a cathodic
shift, a change in fz or increased reversibility; all of which were not observed during
film deactivation upon potential cycling in fieee solution The anodic shifts support
Fe moving to a bi site.

Despitethe dynamimatureof Ni(OH) electrocatalysts, codepositediB@ot
leadng to active OER catalysis via Fe relocation from an inactive bulk site to an active
surface site. An anodic shift in major redox peaks is sétindeactivation dbthe films
in Fefree KOH similar to its activation after anodization in KOH and is an indication of
Fe going in the NigH, bulk.*28 This transfer from surface to bulk Fe is hifpesized to
be the reason behind the decrease in OER activity-freEeKOH.The anodic shift in
major redox peaks previouslyp@rted did not appear in Ni8ly)imc films after
anodization, Tafel or potential cycling in 1 M-Fee KOH (Figure 3.1, 3.2 ari3). It
can be concluded not be -N@H)whaseradoppeaks e t r &

potentials ar e/ ¥ % aqditios the dearease in peakisepdration
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is also linked to surfadée moving into the bulk leading to a decrease in OER activity.
Increased reversibility is seen with an increaseinrdvérsi i ty of the U/ 92 ¢
stabilization by Fe. In this studgimilar to the reports of Corrigéand Fayatiet al.,a

decrease in peak separation and thus an increase in reversibility weredrejitbrtee

codeposition in thicker films in both electrolytésr Nio.eF&.4OxHy)100mg NEp = 121 +

22 mV (N =5) in Feree KOH and 127 £ 4 mV (N = 3) in 1 M KOH compared to

NiOxHy)100mg NEp= 145 £ 14 mV (N = 3) in Féree KOH and 157 £ 16 mV (N = 2) in

1 M KOH.

2. Examining OtherPossibilities for Deactivation

Anotherexplanation ofieactvation in Fefree solution is Fe leaching out of the
film and not redepositing due to either low amounts of Fe in solution or absorption by
traces of Ni(OHy, dissolred from film or remaining colloids from the purification
treatmentBoettcher et al. noteah increase in NBi peaks with cycling attributed to
traces of Ni in KBi after purification from Fe, which we also saw in purified 1 M RBi.
This was not seen iNi(OH). peaks in 1 M Fdree KOH in our study. An FTO
electrode was tested in the purified solution showing a decrease in the initially low OER
activity with potential cycling (Figure 312. Therefore, there is no indication of Ni

deposition.
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Figure 321: Cydic voltammograms of FTO in 1 M KOH (A) and 1 M fiee KOH (B)

as a first scan (Ci\blue) and then CVs acquired after 10 CVs were taken at 100 mV/s,
repeated 6 times in the same solution. Scan rate of all CVs in this figure is 10Tim&//s.
numberof CVs(10-60) refers to the total number of scans acquired at 100 rRMglse
used with permission from AC&CS Catalysi202010(1), 206

35, https://pubs.acs.org/doi/10.1021/acscatal.9b02580arther permissions related to

the material excerpted should be directed to ACS.

Ni leaches out during catalysis or potential cycling@adenced by the decrease
in redox peak chargeshtis, the solution could have contained traces ahatican
6absorbdé Fe from s ol kefree K@H waospiked with mroli t
level Fe to simulate the amount of Fe supposedly leachengdD&R.1.2 nmol ofFe**
were added to 20 mL of 1 M Heee KOH equating to 25% of thdi content in NiQHy-
)ime (4.78 nmol/cri) and a total of 60 nM Fé&(~ 3 ppb) in solution. Thisesulted inan
increase in OER activity with anodization as seen in Ei@2 indicating that even
this low Fe can get into active sites and activate the fitosvever, the activity was not
sustained with potential cycling after anodizatiand the loss of activity was

accompanied by an anodic shift.
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Figure 3.2: Cyclic voltammograms of Ni¢Hy)imc film after the addition of 1.2 nmol

Fe** andthreescarsin 1 M Fefree KOH. CVs as first and third scan after anodic
conditioning in the same solution were acquired. 10 CVs were taken at 100 mV/s in the
same solution followedyba CV at 10 mV/s; this was repeated 2 times. Scan rate for the
CVs in this figures$ 10 mV/s. The number of CVs (PD) refers to the total number of
scans acquired at 100 mVKgure used with permission from ACSCS

Catalysis202010 (1), 2635, https//pubs.acs.org/doi/10.1021/acscatal.9b02%80

Further permissions related teetmaterial excerpted should be directed to ACS.

OER currents decreased in anotbgperiment with the addition of 1.2 nmol
followed by potential cyclingSpiking was increased to 2.4 nmol of Fe, equivalent to
40% of Ni content in film, and led to an iease in OER activity with potential cycling,
decreased hysteresis and anodic shifedox peaks. A further addition to reach a total
of 21 nmol of Fe significantly increased OER currents with the disappearance of
hysteresis after the first 10 CVs. Furtlegcling lead to minimal change in activity but a
gradual anodic shift in redox gesa(Figure 3.3). The experiments show that

dissolution of Ni or its presence inJfiee KOH because of the cleaning process that
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used Ni(OHj} is not preventing low amountdg Fe in solution from activating the films,

supporting the proposed deactivatrmechanism that Fe is moving to bulk sites.
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Figure 3.3: Cyclic voltammograms of Ni@Hy)imc film as a first scan in 1 M Fiee

KOH before and immediately after additioh24 nmol Fé*. 10 CVs were acquired at
100 mV/s in the same solution followed &V at 10 mV/s; this was repeated 6 times
(A). A CV was acquired immediately before and after the addition of a total of 21 nmol
Fe**. 10 CVs were acquired at 100 mV/s éolled by a CV at 10 mV/s; this repeated 6
times (B). Scan rate for the CVs in thigure is 10 mV/s. The inset shows the anodic
shift in Ni(OH)/NiOOH redox peaks. The number of CVs-{@@) refers to the total
number of scans acquired at 100 mVHsgure sed with permission from AC&CS
Catalysis202010 (1), 20-35, https://pubs.acs.gtdoi/10.1021/acscatal.9b02580

Further permissions related to timaterial excerpted should be directed to ACS.
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Figure 3.2: Cyclic voltammograms of NidHy)ioomcfilm in 1 M Fe-free KOH after
addition of 2.4 nmol F& and 60 CVsat 100 mV/swere acgired A CV was acquired
after the addition of a total of 8 nmol¥eSimilarly, 10 CVs were acquired at 100
mV/s followed by a CV at 10 mV/s; this was repeated 6 times. A CV after anodization
was taken followed by 10 CVs at 100 mV/s and a CV at 10 niM&yas repeated 2
times. Scan rate for the CVs in this figure isti@/s. The inset shows the slight anodic
shift in Ni(OHX/NiOOH redox peaks post Feaddition and anodic conditioning. The
number of CVs (140) refers to the total number of scans aglat 100 mV/skigure
used with permission from AC3&CS Catalysi202010(1), 20
35, https://pubs.acs.org/doi/10.1021/acscatal.9b035BQrther permissions related to

the material excerpted should be directed t&6AC

Similar experiments were conducted foicker NiOHy)100mc (69.5 nmol/cr)
films with 8 nmol Feaddition an euivalent of ~ 10% of Ni contenFigure 3.2
showedno increase in OER activity with potential cycling Bhbwed increase in OER

with 1 hof anodization. However, with potential cycling after anodization, the activity
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decreased and thus was not sustaatetis low amount of F&his shows that a
minimum amount of Fe is needed to sustain OER actiVtiys, deactivation is not due
to the hcapability of low levels of Fe in purified solution to activate OER sites but
rather theelocation of active surfacFe to inactive bulk Fe (as seen with the anodic

shift and increased reversibility).

3. Examining PossibleEffects of Otherlmpurities

a. Examiningthe Effect of Pt Addition

The effects of metal impurities, other than Fe, from KOH electrolyte anderount
electrolyte were briefly examineth this work, Pt is used as the counter electrode as it
is unaffected by anodic bias awdl not form its oxidebecause it supports cathodic
currentsand is known to be OER inactiv&.Several previous studies have also used Pt
as a counter electrodé 1% 13land other studies have employed Pt as a substrate for
OER catalyst$3¥132 Nonetheless, redeposited Butd possibly block or alter active
sites in the catalyst leading to changes in its OER activity and electrochemistry
Theeffects of Pt leaching on the activiénd electrochemical features of OER were
examined before and after the KOH solutions werkespwith KPtCl (aq) and cycled.
Cathodic ORR and Rixide reduction currents and HER/HOR currents were seen in the
CV of NiOxHy)imc following the additionof 4 L o f 5RCL(ad)agkd) to
aerated 1 M KOH thus indicating Pt deposition (Figug53.Nonetheless, no charge
in OER activity, cathodic NiOOH peak splitting and the anodic shift were observed
after the addition of aged2RtCL in both unpurifiedKOH and Fefree KOH®2
Therefore, the Pt counter electrode has no effect on Eie dtivity and the

electrochemical behavior of the working electrode in both electrolytes.
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Figure 325: CVs of NiOHy)imcin unpurified (and aerated) 1 M KOH aft#) CVs at

100 mV/s i mmedi ately

before

( #tCh (b fed),e )

and then after 20 CVs at 100 mV/s (c, green) showing the usual anodic shift and

splitting of the peaksA). A CV scan from1.5 V to 1 V before (a, blue) andaf the

and

addi t i on2Pt€l(b, 1&d), ndik that there are 40 CVs at 100 mV/s between these

two CVs hence the anodic shift in the ped&ys Gcan rate is 10 mV/Bigure used with

permission from ACSACS Catalysi202010(1), 206

35, https://pubs.acerg/doi/10.1021/acscatal.9b025&0urther permissions related to

the material xcerpted should be directed to ACS.
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b. Discussion of Other Possible Impurities in KOH

KOH el ectrolyte also contains sever al
Al , 0% NitandO 0 .0®4heavy metals: Ag, As, Bi, Cd, Cu, Hg, Pb, Sb, Sn and
Mo. Previous studies have reported that glass components of the setup etch in 1 M KOH
and contaninate the solution with Fe and other elements such as Al, Pb, B &héfSi.
1341n this study, the glass components used were the FTO substrate, though low Fe
content, the reference electrode enclosure, thearel solution containers. However,
for Fefree KOH measurements, plastic ainers and cell were useslubbaraman et
al. reported the presence of traces of transition metals such as Co, Cu, Cr, Ni and Fe
(though in smaller amounts of -EBfold more onaverage) in different sources of KOH
(such as the one used in this work) af@PMS analysis3® These transition metals
could be found at concentrations higher than that of Fe, such as Al, or lower;
nonethelesghese metals are able to replace Ni or Fe sites in Ny @nd) lead to
variows effects on OER activity and electrochemical behavior. Previous studies have
reported that Co promotes the OER activity ofdXide? Cr changes the film
morphology!® and Al poisons the activity in KBiHowever, no study has been done on
their combined effect at these low levetsf the purification also removes them, which

requires further investigation.

4. Differences from Literature

a.Differencesn Deposition Technique and Initial Catalyst Sturetwith Fe Ce

deposition

Previous studies reported that deactivation of codeposited NiFe catalysts was not

similarly seen in Féree KOH in contrast to this wof. %2 %4 13¢Though the reasons
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behind these differencé@s OER activity are still unclear, they can be attributed to the
deposition technique and concentration and purification method of electrolyte used. The
formation and sustainability of active sitsd overall dynamics of Ni(Fe)8y
catalysts is dependean film loading (thickness), nature, pH and ionic strength of the
electrolyte, agleposited film structure, and substrate specifically for ultrathin films.
Catalyst deposition techniques form aier of crystalline and nanocrystalline sizes
and preliminay Fe sites, and vary between studies but generally include cathodic
deposition where the hydroxide is precipitated via increased pH due to nitrate reduction,
anodic deposition, oxide synthesisdapin coating followed by lomemperature
annealing’® 124 13140 vgrious crystalline domain sizes can be formed from anodic and
cathodic depositiof?: 9394 96.124.130, 140gacificallyamorphous catalysts via anodic
depositiorp; 93 140

Interestingly, Fe is able to be depesiton Ni(OH) films when an anodic bias is
applied in the presence of Fe traces in solution,eathicker films, which were
deposited also at an anodic bias for a longer time (30 min) in a solution of 4:6 Fe:Ni
ratio, still needed further activation, idiing that the presence of Ni is blocking active
sites. To understand this aspect more, furthestrochemical studies and structural
characterizations are needed to investigate the effect of the different deposition

techniques, film thicknesses, subttsand electrolyte composition.

b. Different Deposition Methods at Other Transition Metal B&3ER Catalyst

Systems

Boettcher et al. investigated the effect of mode of inclusion of Fe on the OER of

cathodically and anodically deposited GéRfilms in Fefree KOH?4 They reported a
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decrease in activity of Ca@ly, which was previously activated from Fe in solution,
with potential cycling in Féree KOH due to a 60% decrease indeatent (Fe

leaching) from surface and edge sft&sCathodically codeposited CaFOHy films
showed stable OER activity over potential cycling (20 cycles) ifrdeeKOH with only

a 10% decrease in E&.Cathodically deposited Ca8y showed no shift in redox peaks
even after Fe inclusion from solution and OER activity decrease with cyclingfred-e
KOH due to weak interaction between this Fe and®€anodically deposited Coly
showed two redox peaks after Fe inclusion and cycling due torey strieractio
between Co and Fe leading to the formation of an anodically shifted second‘peak.
Thus, the decrease in OER activity cannot be linked to this Fe which also was not easily
removed with cycling in Féree KOH?4 Anodically deposited Coly also showed no
further shift with potential cycling in Fisee KOH even after its decrease in actitAty
which was in contrast to the behavior of Ni(F&)iQin this work. Thus, there is a
general dependence of the dynamic nature of the active sithe depositin method

with certain differences between-Nind Ce based films

D. Conclusions
This chapter investigated the effect of mode of inclusion of Fe on OER at
NiOxHy in the presence and absence of Fe in solutiags concluded from these shes
that:
1) High OER activity is not due to Fe inclusion during e 4<OxHy anodic

deposition
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2)

3)

4)

5)

High OER activity is not retained in the absence of Fe in solution during
catalysis at Ni(Fe)@y films activated for OER in Feontaining electrolyte
afterdepasition. The hypothesis that high OER activity is due t@€&®vated
surface sites rather than btHe inclusion issupportedy the electrochemical
behavior otthe catalysts.

The deactivation mechanism likely behind the loss of OER activity ofaetlv
NiFe-oxo/hydroxide films in Fdéree KOH is due to Fe moving from active
surfaceFe sites with low coordination to higher coordination beéksites.

Future studies are needed to investigate the differences between surface and bulk
phases of theatalyst, andthe mechanism of dissolution and redeposition of the
catalyst in the presence and absence of Fe in sglatimhhe optimum
concentration of Fe in solutioreededo sustain maximum OER catalysis at
Ni(Fe)OHy films

Further studies are nesditoinvestigate how the sustainability of the active site
and any deactivation mechanistepend on different deposition methods as they
lead to different initial phase crystallinity, and how this depends on film

thickness.
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CHAPTERIV
INVESTIGATION OF THE EFFECTS OFALUMINUM IN
NICKEL HYDROXIDE FILMS ON OXYGEN EVOLUTON
REACTION CATALYSIS

With the increase in environmental awarenéss use of fossil fuels is gradually
being replaced bglternative green energy sources such as wind and solar efsergy.
main concern with these methdass inthe storage of electrical energy for use during
the time of day when production is scartbus, recent studies have focused on the
generation of hydrgen fuel via water splitting asppomisingenergystorage teahique
To increase efficiency of this process, the slow kinetics of the oxygen evolution
reactiort> 14*142must be overcome with the use of transithmm-noblemetal
electrocatalysts of high abundance, alkasitability and activitysuch as cobalt and
nickel.l: 29 61, 77, 92, 10105, 118120, 122, 143T'hg jncorporation of a second and third méial
into themetal oxidehas been shown to enhance or reduce activitgri#ipg on the
nature of thexdditional iont 2% 61 77, 92, 16105, 118120,122, 143Njj_.FeOOH has been reported
to surpass the efficiency @ single metal counterpart, 80H, and evemaremetal
oxides suctas IrQ thus &ting ashighly efficient nornoble metal OER cataly4t!

Previous studies have shown that aluminum as a ternary imétaFeOOH
enhances OER activify> 14445 |n other earlier work in our lab, we found that adding
Al®* to a solution of borate resulted in reducing the OER catalytic activity of the Ni
borate catalystWhile other studies stwed thatodeposited NAI oxide is as active as
Ni-Fe oxide'®® %5This promped us to study the effect of Al in filor in solutionand
in the presence or absence of AKleiminum acts as a substitutional dopant in

Ni(OH)2/NiOOH specifically stabilizing}Ni(OH)2 0 v e-Ni(OH),.14¢14° Ni-AIOOH
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films have hadraryingreportedOER behavioas studied in Feontaining electrolytes
depending on their synthesis technique unlikd=BIDOH films!03: 144145, 149150 gk er et
al. reported NiAl-FeOOH catalysts prepared via atomic layer depositedIND and
preconditioned in KOH to form the oxyhydroxide phase and incorporate Fe into the
film.%* The catdyst enhanced OER activitompared tdts Ni-OOH and NiFe-OOH
counterpagin Fe-containing0.1 M KOH andslightly in 0.1 MFe-free KOH'** They
then suggested that Al does not act as an active sitlobatnot nedevely affect OER
activity andinstead promotes the active sitBsinducing more negatively charged
oxygen bridging ligands of Al (in comparison to those of Ni) which interact with
neighboring Ni and Fe centers leading to an increase in their eleetrsity.***

As previously hypothesized by our group, the enhancement in OER activity
postanodization in Feontaining electrolyte is due to surface site modification rather
than bulk inclusion of Fe in NiFBi films.* Supportig this claim, the addition of Af
into the electrolytavas found in an earlier study to supprédsR activity of the catalyst
film while having a similar effeainthe redox peak positions as the addition &f Fe
which anodically shifted with potentialyding in the presence of Al as they do in the
presence of F&

In the literature, Al doped Nrased catalyst films were tested mainly in Fe
containing electrolytes with very scameports of testingn Fefree electrolyte: 144145
Thus, the effect of Al doping on its ownwithout the interference of Fis not fully
understoodAl has beenncorporagdinto Ni-oxide catalysts via electrochemical co
deposition, atomic layer depositioralcination powderprecipitaton and other
method$ 144146, 149150 ypon cedeposition, Al acts as a substitutional dopant replacing

Ni in the Ni(OH}) lattice1** which we will refertoagi b u | k Al OFg Sisnilami | ar
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to the study with Fe, this work investigates differences in the effectwhah included
in the film during deposition of Ni(OH)r postdeposition by adding At to the
electrolyte and effect on OER catalysis in the presence and abs$éreamsolution
during conditioning and during catalysis. The sustainability of OER catalysis in the
absence of Fe in solution for Niixo/hydroxide films was questioned as wélhus,
theeffect ofmode of inclusion of Al in Nbxo/hydroxide filmsat different thickness,
ultrathin and thicker films, on OER activity and electrochemical charactensiss

studied in both Feontaining KOH and KBi anah Fe-free KOH electrolytes.

A. Effect of the Al in Solution on Nioxo/hydroxide Films

Ni-oxo/hydroxide NiOxHy, and Nb.sAl0.4-0xo/hydroxide, Nj.sAlo.4OxHy, films
were deposited on FTO glass electrodes via anodic electrodeposition at 0.953 V vs.
Ag/AgCl from 0.4 mM Ni(NQ)2 or mixed Ni(NGs)2:Al(NO3)s of 6:4 ratio in 0.1 M
KBi of pH ~ 9.20at different thtknesses set by fixing the deposition charge at 1, 100 or
400 mC/cm. Thedeposition timeof films with deposition charge 1 and 100 mCfcm
was in the range &0-60 s and 120060 s respectively. They were then rinsed and
moved to a glass cell for testingl M unpurifiedKOH or 1 M KBi or a horglass
polypropylene cell for testing in 1 M Heee KOH. Films are referred to according to
their deposition charg@li:Al ratio in thedeposition solutiomnd electrolytesuch as

Nio.6Al 0.40xHy)1mcin KOH and Nb.sAlo.4-Bi)1mcin KBI.
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1. Effect of AlAdditionin 1 M KBi on Electrochemical Behavior and OERf Ni-Bi

0 4 Ni-Bi)pcin 1M KB .

CV, Ni-B
after 10CV
after 30 CV
after 40 CV
after 50 CV
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Figure 4.1: Cyclic voltammograms of {Bi)imc film in 1 M KB, as a first (C\{ blue)

and second scan (G¥range) and CVs acquired after 10 GMare taken at 100 mV/s,
repeated 6 times in the same solution. Scan rate of all CVs in this figure is 10 mV/s. The
inset shows the Ni(OERNIOOH redox peakand onset of oxygen evolution. The

number of CVs (180) refers to the total number of scans aaglat 100 mV/s.

The effect of the addition of Alon OER at NiQHy, was studied at different
concentrations, in several electrolytes and at differentysatidim thicknesses. As a
background, the electrochemical behavior and OER @iNicin 1 M KBi as a
response to potential cycling was studied. Figure 4.1 shows a first scan C\BOf i
in 1 M KBi at 10 mV/s and after 10 CVs at 100 mV/s, repeatetinses. With potential
cycling, OER current increased, OER onset shifted negative and the esdaxghift
anodically while overalthe cathodic peaks decreased in area and peak ci8nece
the KBi electrolyte has not been purified, the N#film will acquire Fe from the

solution with cycling increasing its OER activity.
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Figure 42: Cyclic woltammograms of NBi)imcfilm in 1 M KB, as a first scan (CV

blue), a second scan after 0.01 mM (A), 0.08 mM (B) and 0.32 mM (Cpddlition
(orarge) and CVs acquired after 10 CVs were taken at 100 mV/s, repeated 6 times in
the same solution. Scaneatf all CVs in this figure is 10 mV/s. The inset shows the
Ni(OH)2/NiOOH redox peaks and onset of oxygen evolution. The number of CVs (10

60) refers ¢ the total number of scans acquired at 100 mV/s.

Figure 42 shows a first scan CV at Mi)imc(3.14 +1.75 nmol/cr active Ni
content and 2.33 = 1.08 nm thickness)l M KBi at 10 mV/s before and after the
addition of 0.01 mM (A), 0.08 mM (B) and @3nM (C) APF*to the solution and then
after 10 CVs at 100 mV/s, repeated six times. In Figtéd\d4after the addition of 0.01
mM AI®*, a decrease in OER onset and a very slight decrease in OER currents occurred.
With potential cycling, OERurrents further increased and onset decreased for the first
20 CVs followed by a decrease in currents for the remgifd CVs at high potentials

and no change in onset. The Ni(QHIOOH redox peaks shifted anodically after the
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addition of AF*and potetial cycling withamost no changa anodicpeakcharge

(0.23 to 0.24 mC/cA) andin cathodicpeakcharge(constant 80.17 mC/cr) in the

first CV following the additionandthena decreaswith furtherpotential cyclingWith
greater addition of A, presentedn Figures4.2.B and 42.C, an immediate decrease in
OER activity was seen with the addition of Aand poential cycling. The redox peaks
maintained a similar trend whereby they shifted anodically with the addition and
cycling, and theathodicpeakchargesemained almost the sar(@47 to 0.49 mC/ch
and 0.46 to 0.45 mC/chat 0.08and 0.32mM Al®* respectiely) while theanodicpeak
charge increase0.44 to 0.50 mC/cfand 0.40 to 0.45 mC/chat 0.08and 0.32mM
Al®* respectively with the addition(meaning first CV after additiorgut then decreased
with further potential cycling. The OER poisoning effgcdually increased with
increasing Al* concentration as seen in Figur@ where a steeper decrease in OER
activity and redox peak siZa decrease of 50% and 94% in the cathodic and anodic
peakchargesrespectively after 60 CV}is observed with neateactivation and
disappearance of the anodic peak at 0.32 miaid more than the decrease seen at
cycled NiBi)imc.

A significant decrease &2% and 94%in anodicpeakchargesvas seen after
the addition of 0.08 and 0.32 mM?3to Ni-Bi)imc, respetively, and potential cycling
in 1 M KBi (accompanied by a decrease in OER curreatshpared t@ decrease of
30% in anodicpeakchargeobserved when NBi)1mcwas cycledafter 60 CVsn 1 M
KBi without Al. On the other hand, the decrease in cathodi& peargesafter the
addition of 0.08 ath 0.32 mM AP* to Ni-Bi)1mc and cycling(53% and 50%
respectively) wasmore comparable (even legs)hat at NiBi)imc alone after cycling

(62%).The addition of smaller amount of #1(0.01 mM) led to a smaller desase in
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anodic peak charge (by 41%) arathodic peak charge (by 46%) than the addition of
higher Al; thus, with peak charge decreas®re comparable to the effect of cycling
without Al.

The ratio of anodic to cathodic peak charge between tHe@ssied Ni-Bi
films and after 0.08 and 0.38M AI3* and cycling significantly decreased from 0.93 to
0.16 and 0.88 to 0.10, respectively. The same trend was not observeli &ifore
and after cycling without Al (increase from 1.58 to 2.&8)tential cycing therefore
leads to decrease in cathodic peak charges, indicating dissolution, but it does not appear
that this is more affected by the presence of Al in solution, or that when the scan is
taken to higher potentials the Ni(OH$ redepoding. The presece of Al however
significantly decreases the anodic peak charge possibly becatiseadieposition
with Ni in the film at these potentiats Al making the oxidation of Ni harder.

A similar poisoning effect by Abn OER activitywas seelin the work ofFayad
et al. where 0.16 mM At was added to NBi)1mcand Nb.sFe.4+-Bi)imc, and 0.08 mM
Al**and 0.08 mM F¥ were added together to4Bi)1mc. They also reported that the
addition of AP*to Nio.éFe.+-Bi)imcin 1 M KBi caused a decrease®ER activityand
the addition of At*and Fé* in equal quantities to NBi)imcin 1 M KBi led to an initial
increase followed by subsequent decrease in OER activity with potential cycling.
Similar to the latter, when Al was added to Ni@Hy)imcin 1 M KBi, the OER actiity
decreased even in the presence of trace Fe in sollihemresence of Al in solution
therefore has two effects: 1) it decreases OER currents or prevents traces of Fe in
solution from activating the films for OER in KBi, a)lit affects the electanemical
behavior in that it causes a significant decrease in anodic peak currents, significantly

more tharaffecting the cathodic peaks.
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The decrease in cathodic peak can be attributed to dissolution, but this is also
similarly observed in KBi in the abace of Al in solution. The inclusion of Al can be
affecting the electrochemical activity of Ni(OH)xidation at it usual oxidation
potental, and can be also blocking active surface sites preventing Fe from activating
them.AlI®* might also be electrosteally interacting with the negatively charged OER
ratelimiting intermediates found on the surface of the catalyst forming clusters of
hydratedcation and surfacadsorbed species which are OER inactive. This might be
similar to the reported effect of Lon OER/ORR>! Thus, Al possibly either affects the

reaction barrier eargy and reaction kinetics or blocks active sités.

2. Effect of AlAddition in KOH on the Electrochemical Behavior and OER of

NiOxH,
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Figure 43: Cyclic voltammograms of NiHy)imcfilm in 1 M KOH, as a first scan

(CV1 blue), after the addition of 0.16 mM #I(CV- orange) and CVs acied after 10

CVs were taken at 100 mV/s, repeated 6 times in the same solution. Scan rate of all CVs
in this figure is 10 mV/s. The inset shows the Ni(QMN)JOOH redox peaks and onset of
oxygen evolution. The number of CVs (60) refers to the total nurebof scans

acquired at 100 mV/s.
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Figure 43 shows a first scan CV at Ni&y)imcin 1 M KOH at 10 mV/s before
and after the addition of 0.16 mM Alto the solution and then after 10 CVs at 100
mV/s, repeated six times.nAncrease in OER activitsgnd derease in OER onsetere
seen after the addition of Rlandafterpotential cyclingThis behavior is similar tthe
effect ofpotential cycling of Ni@Hy)imcin 1 M KOH (Figure 37) where the activity
increased due to the incorporation of Fe from thautfipd KOH solution. The
addition of Al in solution did not decrease &R activity of theNiOxHy)imc film as it
did in 1 M KBi and did not significantlgause aimmediateincreasen OERactivity as
the addition of Fe itKOH.

As for the redox peak#he first scan exhibited a minor shoulder which was
more prominent in theathodicpeaksimilar towhatwas discussed in Chapter 3. With
the addition of Al*and potential cycling, the cathodic peak split and developed a
shoulder along with an anodic ghiff both redox peaks as seen in the inset of Figure
4.3. The splitting of the peaks was notable in thesgnce of Al, and though it also
occurs in the presence of Fe in solution, it is more prominent in the presencdbéAl.
cathodicpeakcharges decesed byd% while the anodic peagharges increased by
20%after Al addition and potential cyclingnlike the significant decrease seenlirm
KBi. A comparable decrease in peaks was seen whexH)ic was cycled in KOH
without Al. This indicates that themount of active Ndid not decrease wittine
addition of AF*in 1 M KOH as it did in 1 M KBinor is Al resulting in lower oxidation
of Ni at this peak potentiallhe presence of Al iIKOH does not clearly indicate a
competition with Fe for active surfasites, unlike in KBi, as seen with the decrease in
OER onset and increase in OER currevite.note that even at this high Al

concentration compared to Fe trageg<).0005%, the OER activity did not decrease
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but rather increasethis indicates that sitese being activated with Fe inclusion from

traces in KOKHand that Al does not blodRER activity in KOH.

| NiO,H,);mcin 1 M Fe-free KOH o g
_.,,;\,f—"“[ =
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Figure 44: Cyclic voltammograms of Ni{Hy)imcfilm in 1 M Fe-free KOH, as a first
scan (C\ blue), after the addition of 0.16 mM #I(CV- orangé and CVs acquired
after 10 CVs were taken at 100 mV/s, repeated 6 times in the same s@u#danate
of all CVs in this figure is 10 mV/s. The inset shows the Ni(#ZMDOH redox peaks
and onset of oxygen evolution. The number of CVs@Qprefers tdhe total number of

scans acquired at 100 mV/s.

We also studied the effect of Al on the etechemical behavior and OER at
NiOxHy)1imc in the absence of Fe in solutidfigure 44 shows a first scan CV at
NiOxHy)imcin 1 M Fefree KOH at 10 mV/s beforand after the addition of 0.16 mM
Al®*to the solution and then after 10 CVs at 100 mk&peated six times. A slight
increase in OER activity is seen after thé*Alddition followed by decrease in activity

with potential cycling. Similar to the same exjpnent in 1 M KOH, the redox peaks
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exhibit an anodic shift with the cathodic peak spigtiHowever, the redox peak
chargesslightly increased with both the addition offAlind potential cycling in 1 M
Fefree KOH.When potential cycling in Féee KOHin the absence of Athe peaks
remain generally in the same position, and do not @ptjire 3.3) The splitting of
peaks and the anodic shift are therefore a result of incorporation of Al in thRENIO
film. In the absence of Fe in solution, the peh&rgeglid not decrease in 1 M Heee
KOH after Al addition and potential cyclin@.93mC/cn? and 0.64 mC/cicathodic
and anodic agleposited, respectivelgpmpared to 1.16 mC/érand 0.67 mC/ch
cathodic and anodisostaddition and cyclingrespectrely) which indicates that
NiOxHy is not dissolving.

The difference observed in catalysind electrochemical behavior between 1 M
KBi and 1 M KOH may be because of the difference in solubility &f &hd the
complexes it form# each solutionit is passible that Al block active sites on the
catalyst surface when added in solution or that Al competes with Fe for ssitizece
KBi. Anincrease in OER activitis seen in 1 M KOHwith Al®* addition and potential
cycling, possibly due to the high solliby of Al**in soluions of pH > 13 such as 1 M
KOH, forming aluminate ionsA ( O E*?***°which does not occur in 1 M KBif pH ~
9.2 PerhapsAl in the form of aluminate inatution has no poisoning efééon OER
and thus Fe traces in solution enhance OER activity without any competition
blocking. However Al3*also fully dissolves and forms aluminate in 1 Mffee KOH
also of pH > 13but due to the absence of tr@ces irthis solution, the film dectivates
and OER activity decreassimilar toFigure 33 where NiQHy)imcis cycled in 1 M Fe
free KOH.There is still evidence of Al inclusion in thefilms from the anodic shift in

theirpeaks and peak splitting WiAl in Fefree KOH. These differer&l complexes are
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possibly occupying different sites are competing witDER active sites-urther
studies on the effect of Al in solution on NI film conductivity and impedance are
needed.

Peak splitting is obseed in the Ni(OHYNIOOH redox peaksf NiOxHy)imc
after the addition of A" and potential cycling in 1 M Figee KOH and in 1 M KOH,
which was not observed for Niy)imc after potential cycling in 1 M F&éee KOH
with no metal ion addition. Thimustindicate Al depositiomnn the catalgt film and its
effect on the electrochemical behavior of Ni(@H)hesignificanteffect of Al in
solution on catalyst filnoxidationseen withthe disappearance of redox peaks with Al
addition in KBiwasnotsimilarly observedn KOH. Thus, Al in KBi leals to a less
stableNi-Bi catalyst.

Interestingly, the peak splitting behavior exhibited witf*Ad similar towhen
0.16 mM Fé"is added to Ni@Hy)1mcin 1 M KOH and when 0.16 mM Ckor 0.16
mM La*"to NiOxHy)imcin 1 M KOH. Moreover, a slight cathadshoulder can be seen
with the potential cycling of Ni¢Hy)imcin 1 M unpurifiedKOH (Figure 3.7)out not in
1 M Fefree KOH where the peaks remain unchanged (Fig@)e Bhis leads to the
hypothesis that this peaklgfing behavior is mainly attributetb electronicinteractions
between Ni and the guest metadsen included in the Niy structure, post
deposition, resulting in the presence of two different Ni sites with different interactions
on the surface and the bulk even as minute impurities the electrolyte

DFT calculations supported by experimental work have suggested that dissolved
Al®* acts as a substitutional dopant at Ni sites and that the insertion of Al leads to
significant electronic changes rather than structural ones by ingehsiconductivity

of the systent** They also showed that Al sites gkboring Fe sites have significant
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effect on OER activity and energetics and thus surface site doping with Al does not
enhance OER**Moreover, in this case, Al does not negatively impact the activity but
possibly changetheratio of metal ion® f-FefNiOOH lattice increasing the number

of M3*ions,andthe catalystmorphology*4*

B. Effect of the Co-depositionof Al on Ni-oxo/hydroxide Films
1. Effect of Al Codeposition in Thin Np.sAlo.4-Bi)1mc on the Electrochemical

Behavior and OER in 1 M KBi

Chargeasdep Chargesnod

Films NMOlni /CMPasgep  NMOIN; /CMZanod
(mClcm?) (mClcm?)
Ni-Bi) imc
0.47 £0.09 0.56 £0.12 4.09 £0.75 487 +1.04
(N=3)
Nio.6Al 0.4-Bi) 1mc
0.35 +0.03 0.40 +0.08 3.06 +0.24 3.44 £ 0.67
(N=3)
Thicknessisgep  Thicknessinod Monolayerseq Monolayerseq
Films
(nm) (nm) [Ni(OH) 2]asdep [Ni(OH) 2]anod
Ni-Bi)1mc
3.03+0.56 3.61+0.77 3.79+£0.69 451 +0.97
(N=3)
Nio.6Alo.4-Bi)1mc
2.27+0.18 2.55+0.50 2.84+0.23 3.19£0.62

(N=3)

Table 4.1: Average cathodic peak charge, number of moles of active Ni, thickness and
monolayer equivalence of Ni(OHfor asdeposied and anodized M8i)imcand

Nio.6Al 0.4-Bi) 1mcfilms measured in 1 M KBi.
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Figure 45: Cyclic voltammograms in 1 M KBi afi-Bi)1mc (A) andNio.6Al0.4-Bi)1mc

(B) as a first scan (a, blue) and after anodic conditioning in the same solution (b, red).
The insets show the corresponding redox peak®aset of oxygen evolution for the

three scans shown. Scan rate is 10 mV/s.

As Al addition in solution was observed to lower OER activity and affect the
oxidationof Ni-Bi in KBi, we investigated the effecbf cadeposited Ain Nig.eAlo.4Bi

on the eletochemical behavior and OER 1 M KBI. The films were deposited as
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previously indicated by anodic electrodeposittonFTO at 0.953 V vs. Ag/AgClI from
0.4 mM Ni(NGs)2 or mixed Ni(NQ)2:Al(NO3)s of 6:4 ratb in 0.1 M KBiof pH ~ 9.20

at different thicknesses set by fixing the deposition charge at 1, 100 or 400mC/cm
Figure 45 shows CVs of NBi)imc(A) and Nb.eAlo.4-Bi)imc(B)at 10 mV/s in 1 M KBi:
asdeposited (a) and after anodic conditioning (b). Arptanodic pdacan be seen at
0.80 + 0.00 V and 0.81 vs. + 0.00 VV Ag/AgCI (N = 3) foo Milo.4-Bi)imc(2.27 + 0.18
nm thick and 2.84 + 0.23 Ni(Okinonolayers)and NiBi)imc(3.03 + 0.56 nm thick and
3.79 = 0.70 Ni(OHpmonolayers)respectivelyrepresenting the oxlation of Ni(OH) to
NiOOH, and acathodic peak at 0.67 £ 0.00 V and 0.67 + 0.01 V vs. Ag/AgCl,
respectively, representing tberrespondingeduction reaction. The averagathodic
peak charges equaled 0.35 + 0.03 mC (N = 3) and 0.47 srf0ON = 3) fa as
deposited NisAlo.s-Bi)imc and NiBi)imc, respectively, which increased to 0.40 + 0.08
mC and 0.56 + 0.12 mC, respectively, after anodic conditioning. The average Ni content

was 75 * 15 % in adeposited NisAlo.4-Bi)imcrelative to NiBi)imc.

Films As-Deposited Anodized
Epa Epc Pk Ei Epa Epc Pk B
(mv) (mv) (mv) (mv) (mv) (mv) (mv) (mV)
Ni-Bi)1mc 805+4 672+5 133%2 739+5 | 822+6 686+3 136+4 7544
(N=3)
Nio.sAlo.s-Bi 796 £ 4 672+4 124+6  734%2 822+4 689+9 133+7 755%6
(N=3)
Nio.4AAlo.e-Bi 788+13 6867 102+14 737+8 | 822+9 7037 119+13 7625
(N=4)

Table 4.2: Average anodic and cathodic peak positions, peak separation amaviealf
potentials for agleposited and anodiz&t-Bi) 1mc, Nio.6Alo.4-Bi)imcand Nb.sAlo.e

Bi)imcfilms measured in 1 M KBI. fand &/ values are reported vs. Ag/AgCI.
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The anodic peak of NBi)imcand Nb.eAlo.4-Bi)imcanodically shifted by 18 mV
and 19 mV after anodic conditioning, respectively, efiile cathodic peak anodically
shifted by 13 mV and 11 mV after anodic conditioning, respectively. The average peak
shifts showed a similar trend with variation. On averaggmilar trend was observed:
the anodic peak shifted anodically by 17 + 7 mV 26& 5 mV (N = 3) after anodic
conditioningfor Ni-Bi)imcand Nb.sAlo.4-Bi)imc, respectively, while the cathodic peak
shifted anodically by 14 + 6 mV and 17 = 10 mV after anodic conditioning,
respectively.

The halfwave potentials, fz, for Ni-Bi)imcand Nio.6Alo.4-Bi)imc(N =3 for
both)were 0.739 + 0.005 V and 0.734 + 0.002r&pectively, showing no significant
shift due to the caleposition of Al.A similar observation was reported earlier with Fe
co-deposition in NiBi although studies in the Itature showed that Fe and Al inclusion
caused an anodic shift for cathodicalgpositedNi-Fe-Bi) and KOHactivated oxide
(Ni-Al-0) films.} 1%4The peak separatiogEy, for asdeposited NiBi)imc, Nio.sAlo.4-
Bi)imcand Nb.sAAlo.6-Bi)imcwere 133 £ 2 mV, 124 £+ 6 mahd 102 + 14 mV,
respectively, which, after anodic conditioning, was 136 +4 mV, 133+ 7 mV and 119 £
13 mV, respectivelyAs-depositedifms at 6:4 Ni:Alratio exhibited slightly better
redox peakeversibilityon average compared the Ni films while films at 4:6 Ni:Al
ratio exhibitedincreased reversibility possibly due to the higher Al content. The latter
was analogous to the effect of Fe inclusioNirBi where peak separation decreased
from 134 mV to 112 mV and 106 mV at 6:4 and 4:6 Ni:Fe rat@spectively:

Corrigan reported that Fe inclusion in Ni@ecreased peak separation from 101
mV to 80 m\?? and 150 mV to 125 mV’ After anodic conditioning, a slight increase in

gEp, was seen for the NAl1.x-Bi)imc films indicatinga decrease in reversibiligrmilar
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to the decrease in reversibility pastodization seeim previausly studied\Ni-Bi)imc
films and NiFewx-Bi)imcfilms. A greater effect of anodization on decreasing
reversibility was observed for Adontaining films possibly due to Al leaching and
dissolution out of the catalyst filn@n the other handsdeposited NiBi)1mc exhibited
a signi fi c apftom1ZhneVrteeld8sne/ withrthe galdition of 0.32 mM of
Al**and from 148 mV to 180 mV after 30 CVs, and an increagi&jfrom 135 mV to
156 mV with the addition of 0.08 mM of Aland from 156 mV to 178 mV after 50
CVs (gEp was not calculated after 4D CVs ad after 60 CVs with the 0.32 and 0.08
mM Al®* addition, respectively, due to anodic peak dissolutiargimilar increase in
gEp was not observed when{Bi) 1mc was potentially cycled in KBaithout Al
(increase from 127 to 141 mVJphis in turnpossiblyindicatesAl inclusion and

incorporation intolie NiBi film differently depending on the deposition method.
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Figure 46: Anodization plot (it plot) of anultra-thin Nig.sAlo.4-Bi)imcfilm biased at

0.903V vs.Ag/AQCl in 1 M KBiI.
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The OERactivity of bothNi-Bi)1imcand Nb.eAlo.4-Bi)imcwas compaable, as
deposited and after anodic conditionegyseen in CVs and Tafel plpksading to the
conclusion that anodization was the reason &algst activation and not the-co
deposition of Al. Moreover, the anodizatichgurves such as in Figure @.showed a
similar trend to théio eFen.4OxHy catalyst films in 1 M KOHFigure 314) with an
increase in OER current due to the incorporation of Fe from the unpurified KBi
solution.Thus, theOER catalytic activity isattributedto the deposition of Feaces

from solution in both filmss reported®
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Figure 47: Tafel plots (A) and normalized Tafel plots (B) f8i-Bi)imc(red, orange and

brown;g ) and Nb.cAlo.4-Bi)1imc(blue, green and purpldz) anodized in 1 M KBi and

measured in the same solution with the corresponding slopes for the best fit linear plot.

Figure 47 shows Tafel plots (A) and normalizedfélbplots (B) of the NiBi)imc
and Nbp.éAlo.s-Bi)imcfilms. The Tafel slopes of thi-Bi)imcand Nb.eAl0.4-Bi)imcfrom
Figure 45 after anodization were 40 mV/dec and 38 mV/dec, respectively, which was
comparable to the slopes measured in the literéoungi-Bi.> 7 9 %Fayad et al.
reported Tafel slopes between 30 and 40 mV/dec f@iNinc.! Corrigan observed

93



slope of 40 mV/dec for Nigxhin films 2 Nocera et al. reported slopes of 30 mV/dec for
thin Ni-Bi’ and Boettcher et aleported slopes of 46 mV/dec for $itty thicker Ni

Bi)10mc® Little variation was seen in the Tafel slopes of othersMlio.+-Bi)imcand Ni
Bi)imcfilms (N = 3 for each) with an average4#t + 3 mV/dec and 8 + 3 mV/dec,
respectively Normalized Tafel plots show a proportionality of O&givity to Ni

centers over a range of overpoten{g80i 450 mV)in 1 M KBi. It can be concluded

that Fe traces in solution are the reason behind the enhancement in OER activity in both
films and that Al incorporation in NisAlo.4-Bi)imcand any posslb leaching at these

levels is not causing a significant poisoning of OER actmitghange in OER

mechanisnio affect Tafel slopes nor does its presence destabilize the films.

Tafel Slope TOFSSasdep (Sl) TOF ssanod (Sl)
Films
(mV/dec) (@ ~ 40 (@ -~ 40
Ni-Bi)1mc 0.317 +£0.023 0.269 + 0.036
38+3
(N=3) (d &x34md) (d = 4¥)0
Nio.6Al0.4-Bi) 1mc 0.259 + 0.085 0.231 +0.075
42+3
(N=3) (d = M4 (d = 4mu4

Table 43: AverageTafel slopeapparent TOF for &pe second per Ni center
calculated at an overpotential of ~ 400 mV from stestdye current measurements
under stirring for aslepositecand anodizedi-Bi)imc and Nb.eAlo.4-Bi)1mcfilms

measured il M KBi.

Steadystate urnover frequency (TOF) for OEBer Ni center were calculated, at

an overpotential o~400 mV, to further evaluate the effect of codepositetbMNb.4-
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J

Bi)imcin comparison to NBi)imc using the equatiorf. O E " TAm_,Twhere Jis the

steadystatecurrent densitybtaned from the Tafel plots of each catalyst fil&icm?),

A is the geometric electrode areadm F i s Faradayo6s constant
moles of active Ni (mol). The averageadystateTOFsoomv for asdeposited NisAlo.s-
Bi)imc (N = 3) equaledd 0.2 + 008 s* and for asdeposited NiBi)imc(N = 3) equaled

to 0.2 + 0.2 s. While the averagsteadystateTOFsoomv for anodized NjesAlo.+-

Bi)imc (N = 3) equaled to @3 + 0.07 s and for anodized NBi)imc(N = 3) equaled to

0.27 + 0.04 s¥. The ratios of the averagteadystateTOFs00my for asdeposited

Nio.6Al 0.4-Bi)1imcto Ni-Bi)imcand anodized NiAlo.4-Bi)imcto Ni-Bi)imcequaled to @2

and 086, respectivelyThis indicaes that the presence af-depositedAl is lowering

the TOF for agleposited and anodized filmBhe poisoning effect of codeposited Al in
Nio.sAlo.4-Bi)imcis thus seen in both @eposited and anodized filntsrough the TOF

values atinoverpotentiabf ~400 mV.Therefore, even though Al eteposition did not
affect the Tafel slope and therefore the mechanism of OER, its presence decreased the
OER activity per Ni site, either yossiblyblocking sites or affecting morphologynd

thus acess to sites
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2. Effect of Al Co-deposition in Thin Nb.eAlo.4OxHy)imc on the Electrochemical

Behavior and OER in 1 M Fdree KOH

Chargésssep  Chargeanoa Chargére

Films NMOli /CMPasgep  NMOIN;i /CMZ%n0g  NMOlN; /CMZapey
(mClcm?) (mClcm?) (mClcm?)
NiOxHy)imc
0.68 £0.24 0.67 £0.24 0.68 £0.13 5.85+2.04 5.76 £ 2.06 591+1.11
(N=5)
Nio.6Al 0.40xHy)1mc
0.62 +0.28 0.59 +0.26 0.54 £0.23 5.33+£243 5.07 £2.22 4.68 +2.03

(N=8)
Thicknessisgep  Thicknessinos  Thicknessaer  Monolayers,;  Monolayerseg Monolayerseq
Films
(nm) (nm) (nm) [Ni(OH) 2]asdep [Ni(OH) 2Janod [Ni(OH) 2satel
NiOxHy)1mc
4.34+151 4.27+1.53 4.39+£0.83 5.42+1.89 534+191 5.48 £1.03
(N=5)
NiO.GAIO.onHy)lmC
3.95+1.80 3.76 £ 1.65 3.47 £1.51 4.94 +£2.25 4.70 £ 2.06 4.34 +£1.89

(N=8)

Table 4.4: Average cathodic peak charge, number ofswdlactive Ni, thickness and

monolayer equivalence of Ni(OHfor asdeposited, anodized and after Tafel

NiOxHy)imcand Nb.eAlo.4OxHy)1mcfilms measured in 1 M Feree KOH.
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Nig gAlp 40,H,);mcin 1 M Fe-free KOH

J(mA/cm?)

06 05 0.4 03
E(V) vs. Hg/HgO

1.1 0.9 0.7 0.5 0.3 0.1 -0.1
E(V) vs. Hg/HgO

Figure 48: Cyclic voltammograms in 1 M Feee KOH at Ni.6Al 0.40xHy)1mcasa first
scan (a, blue), after anodic conditioning in the same solution (b, red) and after Tafel
measurements (c, green). The insets show thespameling redox peaks and onset of

oxygen evolution for the three scans shown. Scan rate is 10 mV/s.

We furtherinvestigated the effects of -@eposited Al with NDxHy on the
electrochemical behavior and OER in 1 Mffee KOH in the absence of Fe traces in
solution asdeposited, after anodization and Tafel measuremEiggre 48 shows CVs
of Nio.6Al0.4OxHy)imc at 10 mV/s in 1 M Fdree KOH: asdeposited (a), afteanodic
conditioning (b) and after Tafel measurements (c). A sharp anodic peak can be seen at
0.46 = 0.01V vs. Hg/HgOand a cathodic peak @t38 + 0.01V vs. Hg/HgO. The
averagecathodicpeak chargs that are used to calculatee amount of
electrochemially active Nj equaled 0.62 + 0.28 niéh? (N = 8) for asdeposited
Nio.6Al0.40xHy)1mc (3.95 £ 1.80 nm thick and 4.94 £ 2.25 Ni(QlHjonolayersvhich
decrease® 0.54 + 0.3 mC/cnt after Tafel meaurementsThe average Ni content was
91+ 52% in asdepositedNio.sAl 0.40xHy)imcrelative to NiQHy)imc, while we note that
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this was not observed in measurements in KBi of similarly prepared fNhes-
deposition thus causes a large variation in theddient of these edeposited films.
This variation was not observed wiffe cedeposition in Nj.eFen 6OxHy catalyst films,
which led to a Ni content of 73 £ 29% in 1 M-free KOH.

As seen in Figure 8, CVs of asdepositedNio.6Al0.40xHy)imcin 1 M Fe-free
KOH showed small cathodic and anodic shoulders before the major Nif{GBPH
redox peaksAfter anodization, the shoulders did not appear and the OER onset
remainedunchangeavith a slight decrease in OER current at high poterfi@hilar to
the NOxHy)imcand Nio.eF&n.40xHy)imcfilms in the same solutigran anodic wave at ~
0.857 0.95V vs. Hg/HgOaccompaniedby hysteresis can be seea characteristic
behavior in Fdree solutionAfter Tafel measurements, CVs showed a decrease in OER
currentwith no chage in OER onset and the same anodic wavedd@851 0.95V vs.

Hg/HgOwith greaterysteresis.
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As-Deposited Anodized

Films Epa Epc [se] Eip Epa Epc (03] Euz

(mV) (mv) (mV) (mv) (mV) (mV) (mV) (mv)

NiOxHy)lmC
457 +5 382 +5 76+ 3 420+5 453 +7 382+3 71+6 4184
(N=5)

Nio.6Alo.40xHy)1mc
466 +16 386 + 16 805 426 £ 16 466 +11 393+16 736 429113

(N=8)
Tafel
Films Epa Epc (00 Eip
(mV) (mV) (mv) (mv)
NiOxHy)1me
460 + 18 387 +£10 737 424 + 14
(N=5)

Nio.6Al0.4OxHy)1mc
474 £ 16 400 £ 19 74+9 437 £ 17
(N=8)

Table 4.5: Average anodic and cathodic peak positions, peak separation amaviealf
potentials fo asdeposited, anodized and after Tafel MNifg)imcand Nb.eAl0.40xHy)1me

films measured in 1 M Fee KOH. | and E/2 values are reported vs. Hg/HgO.

The anodic peak of bAlo.4OxHy)imccathodicallyshifted by3 mV with anodic
conditioningbutanodcally shiftedby 25 mV after Tafel measurements while the
cathodic peak anodically shifted BynV with anodic conditioning and 30 mV after
Tafel measwmentsThe average peak shithoweda similar trend with variation
shown in Table 4.50n averagéN = 8), the anodic pea#tid not shiftafter anodic
conditioningbut shifted anodicallypy 8 mV after Tafel measurements while the
cathodic peak shifted adically by 7 mV after anodic conditioning and b4 rhV with
Tafel measurementin Fefree KOH, theinclusion ofAl did not cause a smallgyk as
observed in KBi, but on average/Bvas slightly more anodic &tio.6Al0.40xHy)1imc

than of NiQHy)1mc films.
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Figure 49: Normalized cyclic voltammogr ams, I/
Nio.6Al0.40xHy)1mc (@, blue) and Ni¢Hy)1mc (b, orangefilmsin 1 M Fefree KOH as a
first scan The inset shows the Ni(OHNIOOH redox peaks and onset of oxygen

evolution Scan rate is 10 mV/s.

Baker et al. reported that the-deposition of Al leads to more anodically shifted
redox peaks when comparing-Ni-O to Ni-O in ironfree KOH with a peak difference
of ~ 50 mV**We observe on @&rage significantly smaller anodic shiftstween
NiOxHy)1mc and Nb.eAl0.4OxHy)1mc in Fefree KOH.They also reported a slight
enhancement in OE&tivity in Ni-Al-O over NiO in ironfree KOH*4 This
improvement wagot seen irthis work for asdeposited films irthe CVsor the
nor mal i zed C,\RBgure 49)/innl MefreesKDHB!. Figlire 49 shows
similar OER onset and similar I/n at loawerpotentiafor both of NiQHy)imc and
Nio.sAl0.40OxHy)1mc. The differences electrochemical behavior and OER activofyco-
deposited Ni(Al)QHy between our work and the literatureght be due to the different
depositionrmethods used to prepare the catalyst film where Baker et al. used atomic
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layer deposition to form NAI-O whichwas preconditioneth 0.1 M Reagent grade

KOH (which contains traces of F&g form the hydroxide spess$*

Nig gAlp 4O0,H,)1mcin 1 M Fe-free KOH

CV; Nig gAly 4C in 1M Fe-free KOH
after 10 CV

after 30 CV
after 40 CV
after 50 Cv

. J (mA/cm?)
o

0.7 D‘.B OI‘S 04 03
E (V) vs Hg/HgO
11 0.9 0.7 0.5 0.3 01 -0.1
E (V) vs Hg/HgO

Figure 410: Cyclic voltammograms of NisAl0.40xHy)imc film in 1 M Fe-free KOH, as

a first scan (C¥blue) and CVs acquired after 10 CVs were taken at 100 mV/s, repeated
6 times in the same solution. Scan ratello€¥s in this figure is 10 mV/s. The set

shows the Ni(OH)YNiOOH redox peaks and onset of oxygen evolution. The number of

CVs (1060) refers to the total number of scans acquired at 100 mV/s.

We studied the electrochemical behavior of di 0.40xHy)1mc when subjected
to potential scanningp 1 M Fefree KOH.Figure 410 shows a first scan CV at
Nio.6Al0.40xHy)1mcin 1 M Fefree KOH at 10 mV/s and then after 10 CVs at 100 mV/s,
repeated six timeJ.he asdeposited film did not experience any hysterésit after
potential cyclingananodicwave at ~ 0.9 \&ppearedimilar to the effect of anodic

conditioning(low anodic bias)n 1 M Fefree KOH. The OER currents decreased
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(while the OER onset slightlshifted anodicallywith potential cycling similato
Figure 33 where NiQHy)imcwas cycle in 1 M Fefree KOH.

The major Ni(OHYNiOOH redox peaksharges increasdtbm 0.39 to 0.44
mC/cnt for the cathodic peak and from 0.36 to 0.49 mCltonthe anodic peak
initially after the first 10 CVs followed by a graduminorincrease withmorepatential
cycling. The anodic peaklightly shiftedcathodially from 0.458 to 0.452 With the
first 10 CVs followed by &lightand graduahnodic shift with every 10 CUM® reach
0.4% V after 60 CVawhile avery slightanodic shifttrom 0.386 to 0.389 Was

observed for the cathodic peaker 60 CVs
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Figure 411: Tafel plots(A), over potential d?)(amV) versus I
normalized Taf el pl ot suslodihn (A/nmol)dortwoot ent i al
NiOxHy)imc(red,orange;§ ) andtwo Nio.sAl0.40xHy)1mc(greenblue;dz) films

anodized in. M Fefree KOH and measured in the same solution with the

correspondinglopes for the best fit linear plot.

Figure4lls hows Taf el pl ots (overpotenti al d
Tafelplots(ovgp ot ent i al  dNiOMgimcard NigAlolsOxHy))mcfilons
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including thosdrom Figure3.1, 3.2and4.8in 1 M Fefree KOH The Tafel slope of the
Nio.6Al0.4OxHy)1mcafter anodization and measurements in 1 MrEe KOH was 164
mV/dec Tafel slops of other Nj.6Al0.4OxHy)1mcfilms were similaly highin value
ranging from81to 108 mV/dec.The high Tafel slope is similar thosereported in the
literature®* and Chapter Fuch a4 and104 mV/dec respectively, faNiOxHy)imcand
Nio.eFe.40xHy)1imcin the same solutio.afel slopes of NigHy)1mc(N = 2)and
Nio.6Al 0.40xHy)1imc(N = 8) averaged at 102 + 25 mV/dec arid 29 mV/dec,
respectively.

Despite a higher Tafel slope, TOF calculatedG mV overpotential (within
Tafel region) show (Table 4.6) a higher OER activity per NNiarsAl 0.4OxHy)1imcin
comparison tiNiOxHy)imcin Fefree KOH A wide variation in TOkoomv of
Nio.6Al0.40xHy)1mc was calculated. Two of these measurements 2Nn=Table 4.6)
were conducted vs. Hg/Hgeference electrodes which were filled with and stored in 1
M Fe-free (purified) NaOH. The cell setup was also thoroughly rinsed wifinelée
solution. Even then, while suspecting the effect of Fe coupled withé\IlT OF of the
two Nio.sAl0.40xHy)1mc fil ms investigated was still higher than that of N#)1mc, but
further experiments are needed to study JMidimc under similar conditions. Initial
results showed a possible effect of Al in the absence of Fe oasnogel OF even
though Tafel slopes werem@verage not lower at Ni8y)imc(no OER improvement

seen at Tafel slopes).
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Tafel Slope TOF ssasdep(S™) TOFssanod (S7)

Films
(mV/dec) (@d ~ 40 (@ ~ 40
NiOxHy)1mc 0.093 £0.035 0.091 £ 0.033
102 + 25
(N=2) ( d 402+ 0mV) (d = 04wy
Nio.6Al0.40xHy)1me 0.209 + 0.097 0.212 +0.104
131 £47
(N=2) (d = 400 (d = 400
Nio.6Al 0.40xHy)1mc 0.765 + 0.862 0.749 + 0.794
111+£29
(N=8) (d = 398 (d = 398

Table 4.6: Average Tafel slopgpparent TOF for @per second per Ni center
calculated at an overpotential of ~ 400 mV from stestdye current measurements

under stirringor asdeposited and anodized Ni@})1mc and Nb.6Al 0.40xHy)1mcfilms

measured in 1 M F&gee KOH.

104



3. Effect of Al Codeposition in Thin Nb.éAlo.4OxHy)imc on the Electrochemical

Behavior and OER in 1 M Unpurified KOH:

Chargésssep  Chargeanoa Chargérel
Films NMOli /CMPasgep  NMOIN;i /CMZ%nog  NMOlN; /CMZpey
(mClcm?) (mClcm?) (mClcm?)
NiOxHy)imc
0.85+0.19 0.72+0.20 0.67£0.24 7.31+£1.69 6.25+1.75 5.83+2.09
(N=8)
Nio.6Al 0.40xHy)1mc
0.39 £ 0.06 0.32+0.10 0.33+0.11 3.36+0.51 2.73+0.88 2.85+0.93
(N=2)
Thicknessisgep  Thicknessinos  Thicknessaer  Monolayers,;  Monolayerseg Monolayerseq
Films
(nm) (nm) (nm) [Ni(OH) 2]asdep [Ni(OH) 2Janod [Ni(OH) 2satel
NiOxHy)1mc
542 +1.25 4.63+1.30 4.32+1.55 6.77 £ 1.56 5.79+ 1.63 5.40+1.94
(N=8)
NiO.GAIO.onHy)lmC
2.49+0.38 2.02 £0.65 2.21+0.69 3.12+0.48 2.53+0.82 2.64 £0.87

(N=4)

Table 4.7: Average cathodic peak charge, number of moles of active Ni, thickness and

monolayer equivalence of Ni(Okfor asdepositecand anodized NigHy)imcand

Nio.6Al 0.40xHy)1mcfilms measured in 1 M KOH.
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Nig 6Alp 40,H,)ymcin 1 M KOH
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Figure 412: Cyclic voltammograms in 1 M KOH at BdAl0.4OxHy)imcas a first scan (a,
blue), after anodic conditioning in the same solution (b, red) and after Tafel
measurement&, green). The insets show the corresponding redox peaks and onset of

oxygen evolution fothe three scans shown. Scan rate is 10 mV/s.

We investigated the effects of-deposited Al with NiQHy on the
electrochemical behavior and OER in 1 Rpurified KOH (in the presence of Fe traces
in solution) asdeposited, after anodization and Tafeasurementsigure 412 shows
CVs of Nip.6Al0.4OxHy)imcat 10 mV/s in 1 M KOH: asleposited (a), after anodic
conditioning (b) and after Tafel measurements (c)h@s anodic peak can be seen at
0.45 £ 0.00 V vs. Hg/HgO (N 4) and a sharpathodic peak at 0.37 + A.%¥ vs.
Hg/HgO. The average peak charges equale@dH®06 mC/cn? (N = 4) for as
deposited NisAl0.40xHy)1imc (2.49 £ 0.38 nm thick and 3.12 + 0.48@H).
monolayerswhich decreases to @3 0.10 mC/cn? after anodic conditieing and
stayed almost constant at 0.33 + 0.11 mChiter Tafel measurement¥he average Ni
content wa$3 + 15 % in asdeposited NisAl0.40xHy)imc(N = 4) relative to NiQHy)imc
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(N = 2, usingmeasurements done vs. Hg/Hgnmoki = 5.37 + 0.951mol/cn¥) and
did not show the same variation as the measurementsfied~-KOH

CVs of asdeposited NisAl0.40xHy)imcin 1 M KOH showed similar shoulders
with the anodic and cathmdpeaks, where the cathodic shoulder was more prominent
than the anodishoulderbefore the major Ni(OH)NIOOH redox peaks. After
anodization, unlike the films in 1 M Heee KOH, the OER onselecreasednd
currents increasedhe anodization curves (Figure 4.8) showed a similar trend to
Nio.eFen.4OxHy)imc(Figure 314) and NiQHy)imcin 1 M KOH with an increase in OER
current with anodic bias, in contrast to the decrease in OER current seen in-fted Fe
KOH for all catalysts studiedifter Tafd measurements, no significant change to the

OER onset and crents occurred and thfiims maintaired high OER activity.

0.00

a. Nig 6Alg4O04H,)1mcin 1 M Fe Free KOH
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Figure 4.B: Anodization plots €t plots) of ultrathin Nig.sAlo.4OxHy)imcfilms biased at
0.58 V vs. Hg/HgO in 1 M Féree KOH (a red traces) or unpurified 1 M KOH (b, blue

traces) as indi¢ad.
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As-Deposited Anodized

Films Epa Epc [se] Eip Epa Epc (03] E
(mV) (mVv) (mV) (mV) (mV) (mV) (mV) (mVv)
NiOxHy)lmC
N=8) 454+ 8 376+ 8 79+3 414+ 9 460+ 8 3817 795 422 +8

Nio.6Alo.40xHy)1mc
447+ 5 372+7 75+3 410+ 6 468 + 23 390+ 18 79+8 429+ 20

(N=4)
Tafel
Films Epa Epc [s¢] E1r
(mV) (mV) (mv) (mv)
NiOxHy)1me
477 £ 17 395 + 16 82+5 436 £ 16
(N=8)

Nio.6Alo.40xHy)1imc
486+ D 400+ 16 86+ 13 443 + 22
(N=4)

Table 4.8: Average anodic and cathodic peak positions, peak separation amaviealf
potentials for aslepsited, anodized and after Tafel NiY)imcand Nb.eAl 0.40xHy)1me

films measured in 1 M KOHg, and B2 values are reported vs. Hg/HgO.

In contrast to the films in 1 M Feee KOH,cathodic peak splitting occurred
leading to a wider peak after anodipatand Tafel measurements while the anodic peak
widened after anodization and Tafel measurem&lisanalic wave or hysteresis were
seen after conditioning aradter Tafel with thereverse scan almost tracing the forward
scan.The anodic peak of MsAl04OxHy)imcanddically shifted by42 mV and57 mV
afteranodic conditioningind Tafel measurementsespedtely, while the cathodic peak
anodically shifted by#i4 mV and45 mV afteranodic conditioning and Tafel
measurementsespectivelywith these shiftattributed to Fe going in the bulk of the
film. The average peak shifty different filmsshoweda similar trend with variation

(Table 4.8) While Ei» was on average more cathodic fob bl 4OxHy)ime, a slight
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anodic shift was observed after anodizatn a n d T @avasesimilar calypwith pE

slightly more reversibilityon average faasdepositedNio.6Al 0.40xHy)1mc films.

Nig gAlp 4O0,H,)1mcin 1 M KOH — _—

after 10 CV
after 30 CV

after 40 CV
after 50 Cv

. J (mA/cm?)

OI‘5 074 03
E (V) vs Hg/HgO
11 0.9 0.7 0.5 0.3 01 -0.1
E (V) vs Hg/HgO

-24

Figure 414: Cyclic voltammograms of NisAl0.40xHy)imc film in 1 M KOH, as a first

scan (C\ blue) and CVs acquired after O¥s were taken at 100 mV/s, repeated 6
times in the same solution. Saate of all CVs in this figure is 10 mV/s. The inset
shows the Ni(OH)YNiOOH redox peaks and onset of oxygen evolution. The number of

CVs (1060) refers to the total number of scangured at 100 mV/s.

We also studied the effect of multigdetential cycling on NisAl0.4OxHy)1mcin
1 M KOH. Figure 414 shows a first scan CV at Al 0.40xHy)imcin 1 M KOH at 10
mV/s and then after 10 CVs at 100 mV/s, repeated six times. The QdeRlecreased
and currentincreasedvith potential cyclingafter the first 10 CVs then remained the
same)similar to Figure 3 where NiQHy)imcwas cycled in 1 M KOH. The major
Ni(OH)2/NiOOH redox peakshowed almost no changechargesfter potentia

cycling;, however, the cathodic peak gradually widened afitl &m anodic shift of the
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redox peaks was observed with cycliipe general behavior is thus similar to what

was observed with anodic bias, but different in terms of the splitting of the padk

anodic shift from the behavior of Al 0.40xHy)1mc in Fe-free KOH.
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(B),
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NiOxHy)imc(red, orage;g ) and Nb.sAlo.4OxHy)imc(green, bluedz) anodized in 1 M

KOH and measured in the same solution with the corresponding slopes for the best fit

linear plot.

Figure 415 shows Tafel plots (A) and normalized Tafel pl(83 of NiOxHy)1imc

and Nb.eAl0.40xHy)1imcfilms in 1 M KOH including thosérom Figure3.5, 3.6and4.12.

The Tafel slope of the blsAlo0.4OxHy)1mcafter anodization and measurements in 1 M

KOH was48 mV/decand thusn the 40 mV/dec range as seen in Chapter 3 for

NiOxHy)imcand Nb.eFen.4OxHy)1mc (37 and 45 mV/dec respectively) and in the literature

in Fe-containing solutions such as KBi and unpedfik OH2 7- 929395 144 jit|e

variation was seen in thiefel slopes of other NigAl0.4OxHy)1imcfilms with an average

(N =2) of 46 + 3mV/dec in 1 M KOH Tafel and normalized Tafel plots showed similar

110



OER activity at both Ni€Hy)imcand Nb.sAl 0.40xHy)1mcin KOH. Normalized Tafel
plots show groportionality of OER activity to Ni centers overamge of overpotential
in 1 M KOH. TOF calculated at ~ 300 mV overpotential (within Tafel region) show
(Table 4.9) a higher OER activity per Ni foroWAlo.4OxHy)1mcin comparison to

NiOxHy)lmC in KOH

Tafel Slope TOF ssasdep(S™) TOFssanod (S1)
Films
(mV/dec) ( @d 306 mV) ( @d 306 mV)
NiOxHy)1mc 0.143 £ 0.081 0.168 + 0.097
435
(N=3) (d = 299 (d = 299
Nio.6Al 0.40xHy)1mc 0.194 + 0.026 0.228 + 0.087
45+ 3
(N=2) (d = 303 (d = 303

Table 49: Average Téel slope, apparent TOF for-@er second per Ni center
calculated at an overpotential o880 mV from steadystate current measurements
under stirring for asleposited and anodized Ni@))imc and NbsAl 0.40xHy)1mcfilms

measured in 1 M KOH.

The amounbf Ni in asdeposited NisAl0.4O0xHy)imc(N = 8) in 1 M Fefree
KOH was5.33 + 2.43nmol/cnt anddecreased t4.68 + 2.03 nmol/cnt after Tafel
measurements, thus recordiny2a3 + 7.7 %averagelecreas@ostTafel. Similarly, the
amount of Ni in aslepo#ted Nio.sAl0.40xHy)imc(N = 4) in 1 M KOH was 3.36 + 0.51
nmol/cn? which decreased to 2.73 + 0.88 nmolfafter anodic conditioning and

slightly increased to 2.85 + 0.94 nmol/&after Tafel mesurementsthus recording a
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15.2 £ 5.5 % average decregsst-Tafel. Thus, anodic biaand potential cyclinglo
not cause significant dissolution of thedeposited catalys
Baker et al. reported that Mil-OOH was more active NDOH in bothFe-
containing KOH (leading to the formation of-Ni-Fe OOH and NiFeOOH) and Fe
free KOH*4However, cedeposition of Al into NiQHy films showed no significant
effect on the OER activity of Nighly in Fe-containingkOH in our study unlike
previously reported studi¥§ 144145 byt showed slight enhancement inff@e solution
as seen in the Tafel plots. This leads to the possibility that the presence of Fe in solution
leads to comparableER activity between NijsAl 0.40xHy)1mcand NiQHy)imc while in
the absence of Fe from solution, higher OER activity was seen with-dépasition in

NiOxHy)lmC.

4. Thicker Films in 1 M Fefree KOH and 1 M KOH

The effect ofcatalyst film thickness on OER activity and electrochemistifye-free
and unpurified KOHvas also studietbr thickerNio 6Alo.4-Bi deposited at00 mC,
termed Nj.6Al 0.4OxHy)100mc Film deposition takes up to 30 min in unpurified 0.1 M
KBi which contairs traces of Fallowing the catalyst to possibly deposit Fe from the

solution as well.
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Figure 4.5: SEM images of NisAl0.40xHy)acomcdeposited by passing a charge of 400

mC/cnt on FTO: asdeposited (A) and after anodic conditioning in 1 M KOH (B).
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Figure 4.7: EDX spectrum of asleposited NisAl0.40xHy)400omcshowing both Ni and

Al peaks.

SEM images of thicker ageposited NisAl0.40xHy)s0omcand KOHanodized
Nio.6Al 0.40xHy)acomcdemonstrate the nanoflakike structure of the catalyst. The

morphology of the film becanféakier after anodizationBaker et al. reported that
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morpholay is linked to the nature of active sites in the catalyst and that morphological
changes ocaeuvith Al-doping!44However,at this SEM resolutiorsimilar structures

are seen in the SEM images ot bl o.4OxHy, Nio.sFe.40xHy andNiOxHy films. EDX
spectrum shows Nieaks at ~ 0.85, 7.50 and 8.30 kantlan Al peakat ~ 1.50 keV

and thus assuring their presence in the filming anodic caleposition.

Charg%sdep Chargeanod Chargaafel

Films NMOlN; /CMPasgep  NMOINi /CMPan0g NMON; /CMPriatel
(mClcm?) (mClcm?) (mClcm?)
NiOxHy)loomC
8.10+2.72 6.72 +1.95 6.00 £ 1.84 70.0 £23.5 58.0+16.9 51.8+15.9
(N=4)
Nio.6Al 0.40xHy)100mc
529+243 461+2.06 4.23 +2.57 457 +21.0 39.8+17.8 36.5+£22.2
(N=6)
Thicknesss  Thicknessmos  Thicknessaser  Monolayers,;  Monolayerse Monolayerseq
Films
dep (NM) (nm) (nm) [Ni(OH) 2]asdep [Ni(OH) 2] anod [Ni(OH) 2satel
NiOxHy)100mc
519+174 43.0+125 384+118 64.9+218 53.8+15.6 48.0+14.8
(N=4)
Nio.6Al0.40xHy)100me
33.9%15.6 29.5+13.2 27.1+16.4 42.3+19.5 36.9+16.5 33.9+£20.5

(N=6)

Table 4.10: Average cathodic peak charge, number of moles of active Ni, thickness and
monolayer equivalence of Ni(OHfjor asdeposited, anodized and after Tafel

NiOxHy)10omcand Nio.sAl 0.40xHy)100mcfilms measured in 1 M Feree KOH.
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Nig gAlp 40,H,)100mc in 1 M Fe-free KOH

J(mA/cm?)

-3
J(mA/em?)

08 06 04 02
E(V) vs. Hg/HgO

1.1 0.9 0.7 0.5 0.3 0.1 -0.1
E(V) vs. Hg/HgO

Figure 418: Cyclic voltammograms in 1 M Feee KOH at Nb.6Al 0.40xHy)100mcas a
first scan (a, blue), after anodic conditioning in the same solution (b, red) and after Tafel
measurements (c, ge). The insetshow the corresponding redox peaks and onset of

oxygen evolution for the three scans shown. Scan rate is 10 mV/s.

We studied the effects of @eposited Al in Nj.6Al 0.40xHy)100mcOn the
electrochemical behavior and OER in 1 Mffee KOH Figure 418 shows CVs of
Nio.6Al0.40xHy)100mcat 10 mV/s in 1 M Fdree KOH: asdeposited (a), after anodic
conditioning (b) and after Tafel measurements (c). A sharp anodic peak can be seen at
0.46 £ 0.01 V vs. Hg/HgO (N 6) and a sharp cathodic peakla34 = 0.02 V vs.
Hg/HgO.Theanodicpeak of Np.eAl0.4OxHy)100mc(33.9 = 15.6 nm thick and 42.3 + 19.5
Ni(OH). monolayerspnodically shifted from 0.4%+ 0.010V to 0.487 + 0.010 V and
the cathodic peakom 0.344+ 0.018V t0 0.372+ 0.024 V after Takl measurements in
1 M Fefree KOH.Higher reversibility was seen atd¥Alo.40xHy)100mcin comparison
to NiOxHy)10omc(Table 4.1). The average Ni content was 65 + 37 % hueposited
Nio.6Al 0.40xHy)100mcrelative to NiQHy)10omcin Fefree KOH.
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Table 4.1: Average anodic and cathogieak positions, peak separation and-halfe

potentials for agleposited, anodized and after Tafel Wi)10omcand

As-Deposited Anodized
Films Epa Epc ®E Eiz Epa Epc Pk E
(mV) (mV) (mV) (mV) (mV) (mV) (mV) (mVv)
NiOxHy)100mc
464+ 12 32516 140 £ 16 3955 468 + 12 347 134 +£13 4017
(N=4)
Nio.6Al0.40xHy)100mc
465+ 10 344+ 18 121+ 22 404+ 10 470+ 10 358+ 19 112+ 16
_ 414+ 13
(N=6)
Tafel
Films Epa Ep.c ®E E1
(mV) (mV) (mV) (mv)
NiOxHy)100mc
471+ 6 343+8 128 + 13 407 £4
(N=4)
Nio.6Al0.40xHy)100mc
487+ 10 372+ 24 115+ 15 429+ 17
(N=6)

Nio.6Al 0.40xHy)100mcfilms measured in 1 M Free KOH.E, andE/2 values are

reportedvs. Hg/HgO.
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Chargessdep Chargeanod Chargeatel

Films NMOli /CMPasgep ~ NMOINi /CMPanod NMOI; /CMPiagel
(mClcm?) (mClcm?) (mClcm?)
NiOxHy)loomC
10.0£3.75 8.10+x247 6.31+218 86.2£32.4 70.0£21.3 54.5+18.8
(N=2)
N|09AI O.AOxHy)ZlOOmC
6.01+3.35 505257 4.63+2.84 51.9 £29.0 43.6+22.2 40.0 £ 25.6
(N=3)
Thicknessisgep ~ Thicknessios ~ Thicknessawer  Monolayerss;  Monolayers,;  Monolayerseq
Films
(nm) (nm) (nm) [Ni(OH) 2lasdep  [NiI(OH) 2lanod [Ni(OH) 2] atel
NiOxHy)100mc
64.0 £24.0 519+158 404+139 79.9+30.1 64.9+19.7 50.6+17.4
(N=2)
NiO.QAIO.onHy)mOmC
385%215 323+164 29.7+182 48.1+26.8 40.4+20.6 37.1+228

(N=3)

Table 4.12: Average cathodic peak charge, number of moles of active Ni, thickness and
monolayer equivalence of Ni(Okffor asdeposied, anodized and after Tafel

NiOxHy)10omcand Nb.eAl0.40xHy)100mcfilms measured in 1 M KOH.

Nig,gAlg 40,H,)100mc in 1 M KOH

J(mAicm?)
=

07 06 05 04 03 02
E(V) vs. Hg/HgO

-23
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E(V) vs. Hg/HgO

Figure 419: Cyclic voltammograms in 1 M KOH at §6Al0.4OxHy)10omcas a first scan
(a, blue), afteanodic conditioning in the same solution (b, red) aner atafel
measurements (c, green). The insets show the corresponding redox peaks and onset of

oxygen evolution for the three scans shown. Scan rate is 10 mV/s.
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The effects of caleposited Al in thickr Nio.6Al 0.40xHy)100mcon the
electrochemical behaviond OERwas also studieoh 1 M unpurifiedKOH. Figure
4.19 shows CVs of NjsAl0.4OxHy)10omcat 10 mV/s in 1 M KOH: asleposited (a), after
anodic conditioning (b) and after Tafekeasurements (c). A sharp anodic peak can be
seen at 04+ 0.0L V vs. Hg/H (N = 3 and a cathodic peak at 0.33 £ 0.02 V vs.
Hg/HgO.The anodic peak of blsAl0.40xHy)100mc(38.5 £ 21.5 nm thick and 48.1 + 26.8
Ni(OH). monolayerspanodically shifted fron®.445 + 0.015 V to 0.470 + 0.013 V after
Tafel measurements while remainiaig0.445 + 0.016 V after anodic conditioning while
the cathodic peak anodically shifted from 0.328 + 0.019 V to 0.336 + 0.024 V and 0.350
+ 0.029 V after anodic conditioning andf€l measurements in 1 M KOH, respectively.
Higher reversibility was seen Bio.6Al0.40xHy)100mcin comparison to Ni¢Hy)ioome
(Table 4.B). The average Ni content was 60 + 40 % irdaposited

Nio.6Al 0.40xHy)100mcrelative to NiQHy)10omcin KOH.
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As-Deposited Anodized

Films

Epa Ep.c [oe] Ei2 Epa Epc Pk Euz

(mV) (mV) (mV) (mV) (mV) (mv) (mV) (mv)

NiOxHy)100mc

(N=2)

472+25 315+10 157+16 394+18 | 479+%2 327+1 152+1 403+1

Nio.6Al0.40xHy)100mc

(N=3)

445+15 328+19 117+23 387+12 | 455+16 336+24 120+26 396+16

Tafel

Films

Ep‘a Ep,c oY) '1:9 El/z

(mV) (mV) (mV) (mv)

NiOxHy)100mc

(N=2)

488 + 4 340+0 148+ 4 414+ 2

Nio.6Al0.40xHy)100mc

(N=3)

470+13 350+29 120+29 41017

Table 4.B: Average anodic and cathodic peak positions, peak separation amhhalf

potentials for agleposited, anodized and after Tafel Wi)10omcand

Nio.6Al 0.40xHy)100mcfilms measured in 1 M KOHEp and B/ values are reported vs.

Hg/HgO.
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Figure 420: Anodization plots €t plots) of ultrathin Nio.sAlo.4OxHy)10omcfilms biased

at 0.58 V vs. Hg/HgO in 1 M Firee KOH (a, red traces) or unpurified 1 M KOH (b,

blue traces) as indicated.
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As-deposited NisAlo.4OxHy)i0omccan be concluded to not be moreR&ctive
than NiQHy)1i0omcas seen in the ateposited CVs in both 1 M Heee KOH and 1 M
KOH. With anodic conditioning and Tafel measurements, the OER activity decreases in
1 M Fefree KOH and increases in 1 M KOH similar to the behavior and actiity
NiOxHy)100omcin these solubns. The filmsdeposited for 30 min in KBi with Fe traces
still needed anodic conditioning for further activatadrOER catalysisn 1 M KOH.
OER current increased and the onset decreased after anodization and remained the same
after Tafel indicating catyst stability.The anodization curves(Figure 4.D) showed
an initial decrease in currents in 1 M-free KOH (which almost plateaued with time)
and an increase in currents in luMpurifiedKOH consistent with therevious datan
Fe-containing KOHdiscussed in Chapter>X3and Chapter 4.2 and4.A.3 for the thin
films. During anodic electrodeposition, Feco-depositing with both Ni¢Hy)10omcand
Nio.sAl 0.40xHy)100mcandinitially forming active Fe sites in thetedyst The OER
activity of Nio.6Al0.40xHy)10omcdecreases with anodic conditioning and Tafel
measurements in 1 M Feee KOH with an increase in OER onset and hysteréhis.
decrease in OER activity in Feee KOH can be attributed to active Fe movinght®

bulk, or the film reverting ta less active structure.
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Figure 421: Tafel plots A, C) and normalized Tafel plots (B) for NiOxHy)i0omc(red,
orange, browng ) and Nb.eAl0.4OxHy)100mc(green blue;dz) anodized in 1 M Féree

KOH (A, B) and 1 M KOH (C, Dand measured in the same solution with the

corresponding slopes for the best fit linear plot.

Figure 421 shows the Tafel plot&A) and normalized Tafellpts (B) of
NiOxHy)10omcandNio.6Al 0.40xHy)100mcfilms in 1 M Fefree KOHand 1 M KOH
including hose shown in Figures®.4.18 and4.19. Tafel slops of NiOxHy)10omcand
Nio.6Al 0.40xHy)100mcin 1 M Fefree KOHwere152 and 193 mV/decespectivey.
While Tafel slopes of Ni@Hy)ioomcand Nb.sAl0.4OxHy)100mcin 1 M KOH were 38 and
42 mV/dec, respectivelyariations in the Tafel slope have been previously discussed

for 1 M Fefree KOH with average Tafel slopes of 1188 mV/dec and 145 + 67
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