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ABSTRACT

FABRICATION OF MESOPOROUS NICKEL OXIDE BASED THIN FILM
ELECTRODES AND THEIR ELECTROCHEMICAL PROPERTIES

Assel Amirzhanova Katirci
Ph.D. in Chemistry
Advisor: Omer Dag

January 2025

In this thesis, robust electroactive mesoporous NiixMnxO thin-film electrodes
were synthesized on FTO and graphite rod substrates. Molten salt-assisted self-
assembly (MASA) synthesis method was employed to produce uniform thin films. The
synthesis started with preparing ethanol solutions, containing various molar ratios of
[Mn(H20)4](NO3)2 and [Ni(H20)6](NO3)2 (between 1.0 to 0.1 Ni(11)/Mn(ll) ratio ) and
surfactants (Ci2H25(OCH2CH32)100H, Ci2E10 and Ci6H3sN(CHz3)3Br, CTAB). Then,
these solutions are coated over conductive substrates to obtain the salt-surfactant
lyotropic liquid crystalline (LLC) mesophase. The thin mesophase is calcined in order
to produce mesoporous NiixMnxO thin-films on the FTO or graphite. The thin-films
form solid solutions with the x value of up to 0.7. The Ni1-xMnyO thin-films transform
to NiMnOs, Mnz0O4, and MnOs phases at increased Mn ratios and annealing
temperatures. The films are mesoporous and were confirmed by N adsorption-
desorption analysis and typical type IV isotherms characteristic for mesoporous
materials. Pore sizes varied from 2.8 to 17.6 nm from Ni-rich to Mn-rich oxides. The
surface area reaches to 211 m?/g in Nio.sMn;0, while the pure NiO has a BET surface

area of 164 m?/g at 350 °C calcination temperature.

The FTO and graphite-coated electrodes (FTO-Ni1-xMnxO and G-Ni1xMnxO)
display high charge capacities, but the FTO coated electrodes are unstable and undergo
to degradation over extended time of usage. In the first few CV cycles of the FTO-based
electrodes, they show an increased capacity, however, decline in further cycles. On the
other hand, graphite-based electrodes show better stability and high charge capacity.
Origin for increasing charge capacity with cycling is attributed to a transformation of
the metal oxides to metal hydroxides. Thus, the electrochemical CV cycling of both

pure NiO and NiixMnxO electrodes results in a structural change into a



NiO(core)/Ni(OH)2(shell) or NiixMnxO(core)/Ni(OH)(shell) configurations. The
shell thickness is ranged from 2.0 nm (pure NiO) to 1.1 nm (Nio.9sMng10) at 350°C.
Moreover, the shell thicknesses and charge capacities are affected by the pore-wall
thicknesses, which increases with increasing annealing temperature. Despite these
changes, the manganese addition improves the stability of the electrodes, but there is
no improvements on the overpotential on oxygen evolution reaction (OER). Moreover,
the annealing temperature reduces the charge capacity, whereas the OER performance

remains the same.

By using the same MASA method, m-NiO-SiO; electrodes were synthesized
using [Ni(H20)6](NO3z)2 and tetramethyl orthosilicate (TMOS) with CTAB and C12E1o
surfactants at different Ni to TMOS ratios. Silica acts as hard template support for NiO,
and the film is formed in good quality with bimodal pore size distribution. The sample
pore size that was observed is 2.6 nm, which originates from the m-SiO, domains. The
second pore system had also mesopores; the average pore size is 15 nm, calcined at 350
°C. That property helps better infiltration of electrolytes, which is advantageous during
electrochemistry. During electrochemical analysis, silica is etched out in basic
electrolyte. These electrodes, prepared on graphite substrate have specific surface area
of around 130 m?/g. The electrodes show an overpotential 381 mV in the CP experiment

at 10 mA/cm? current density.

KEYWORDS: molten salt-assisted self-assembly, mesoporous materials, nickel
manganese oxide, nickel hydroxide, charge-capacity, oxygen evolution
electrocatalysis, mesoporous silica, hard templating, soft templating.



OZET

MEZO-GOZENEKLI NiKEL OKSIT YAPILI INCE FILM ELEKTROTLARIN
URETIMI VE ELEKTROKIMYASAL OZELLIKLERI

Assel Amirzhanova Katirci
Kimya, Doktora

Tez Danismani: Omer Dag
Ocak 2025

Bu tezde, kararli elektroaktif mezogozenekli Nii.xMnyxO ince film elektrotlar,
FTO ve grafit ¢ubuklarin lizerinde sentezlenmistir. Bu amagla, eriyik tuz destekli
kendiliginden-olugsma (MASA) sentez teknigi kullanilmistir. Sentez siireci, ¢esitli mol
oranlarinda [Mn(H20)4](NO3)2 ve [Ni(H20)s](NO3). tuzlarinin (Ni(II)/Mn(II)) oram
1.0ile 0.1 arasinda) ve Ci12H25(OCH2CH2)100H (C12E10) ve C16H33N(CHz)3:Br (CTAB)
ylizeyaktif maddelerin etanol iginde ¢oziinmesi ile baglar. Daha sonra bu ¢ozeltiler,
iletken yiizeylere kaplanarak sivi kristal arafazlar elde edilir. Tuz-ylizey aktif sivi-
kristal arafazlarin yakilmasi ile FTO ve grafit lizerine kapli mezogdzenekli NizxMnxO
ince filmler elde edilir. Bu ince filmler, x degeri 0.7’ye kadar kati-¢6zelti olustururken,
artan manganez orani ve tavlama sicakligi bunlart NiMnOgz, Mn3O4 ve Mn;0O3 fazlarina
doniistiirlir. Hazirlanan bu filmler mezo-gbdzenekli yapidadir. Dolayistyla, azot tutma-
birakma tayini dl¢limleri, mezogdzenekli malzemeleri tanimlayan karakteristik tip IV
izoterm egrilerini verir. Gozenek boyutlarinin, nikelce-zengin bilesiklerinden
manganca- zengin bilesiklere gidildik¢e, 2.8 nm den 17.6 nm’ye kadar arttig
gozlenmistir. 350°C’de yakilmis Nio.gMno 10 in yiizey alan1 211 m*/g’a kadar ulasirken
saf haldeki NiO’in BET yiizey alam1 165 m?/gr olarak hesaplanmustir.

FTO ve grafit kapli elektrotlar (FTO-Ni1-xMnxO ve G-Ni1.xMnx0O), yuksek yiik
kapasitesi degerleri sergilemis olsalar da uzun stireli kullanimda dayanikli olmadiklar
ve parcalandiklar1 gozlenmistir. FTO tabanli elektrotlar ilk birka¢ devinimde kapasite
artis1 gosterirken, uzun stireli devinimlerde kapasitelerinde diislis goézlemlenmistir.
Buna karsilik, grafit tabanli elektrotlar daha yiiksek dayaniklilifa ve yiik kapasitesine
(tutma 6zelligi) sahip oldugu gosterilmistir. Elektrokimyasal testler, hem saf NiO hem
de NiixMnxO’nun yapisal olarak NiO (¢ekirdek)/Ni(OH). (kabuk) veya Nii-xMnxO
(cekirdek)/Ni(OH)2 (kabuk) yapilarina doniistiigiinii ortaya koymustur. Bu durumlarda,
kabuk kalinliklar1 350°C’de saf NiO i¢in 2.0 nm, Nig9Mno 10 i¢in 1.1 nm arasinda

degismektedir. Kabuk kalinliklar1 ve yiik kapasitesi, tavlama sicakligi ile artan gdzenek



duvar kalinligindan etkilenir. Bu degisikliklere ragmen, mangan eklenmesi elektrotlarin
dayanikliligini artirmistir. Ancak, bu ekleme elektrotlarin ek potansiyeline bir katki
saglamamistir. Ayrica, tavlama sicakligi yiik kapasitesini etkilerken, oksijen ¢ikma

tepkimesine (OER) davranigi ayni kalmaistir.

Ayrica, MASA yontemi kullanilarak, [Ni(H20)e](NO3) ve tetrametil ortosilikat
(TMOS) ile CTAB ve Ci2E10 yiizey aktif maddeleri kullanilarak farkli nikel/silika
oranlarinda m-NiO-SiO; elektrotlar1 sentezlenmistir. Silika maddesi, NiO i¢in bir sert-
kalip gorevi gérmiis ve sonug olarak yiiksek kalitede gézenekli yapilar elde edilmistir.
Silika gozenek boyutlar1 yaklasik 2.6 nm dir. 350°C’de yakilarak elde edilmis
malzemeler de gozlenen ikincil mezogdzenekler yaklasik 15 nm dir. Bu boyut 6zelligi
elektrokimyasal tepkimelerde elektrolit cozeltilerinin daha iyi nifuz etmesini
saglamistir. Analiz sirasinda, silika, alkali elektrolit icerisinde ¢oziilerek uzaklasir.
Dolayisiyla grafit {izerinde hazirlanmus elektrotlarin da yiizey alanlar1 130 m?/gr olarak

2

hesaplanmistir. Bu elektrotlar 10 mA/cm*® akim yogunlugunda gerceklestirilen CP

deneylerinde 381 mV ek potansiyel degeri gosterir.

Anahtar Kelimeler: eriyik tuz destekli kendiliginden-olusma, mezogdzenekli
malzemeler, nikel manganez oksit, nikel hidroksit, ylk-kapasitesi, oksijen doniisim
elektrokatalizi, mezogdzenekli silika, sert kaliplama, yumusak kaliplama.
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Chapter 1

1 INTRODUCTION

1.1 Mesoporous Nickel Oxide and Nickel Oxide Nanoparticles

Nanostructured materials offer high surface to volume ratios thus giving a
material with unique transport properties and altered physical properties due to quantum
confinement effects. For the same reason, those materials, namely transition metal
oxides, can be used as electrocatalysts for water oxidation, oxygen reduction reactions,
photovoltaics, photocatalysts, supercapacitors, lithium-ion batteries etc.[1][2], [3][4],
[5]1, [6], [7]. [8], [9], [10]. Especially, nickel oxide nanoparticles have gained a lot of
attention due to its optical properties and wide band-gap, as it is considered to be a p-
type semiconductor. For instance, its catalytic activity was first investigated on thermal
decomposition of ammonium perchlorate[11]. In this work, the 10 nm particles have
shown to a superior catalytic activity compared to bulk NiO, and supports the fact that
nanoscale is important for catalytic performance[11], [12]. Nickel oxide has also been
investigated for dielectric applications as transparent electrode[13]. Smaller particles
size and high surface area provides capacitive properties as that depends on the electric
double layer[13]. And optical properties can be tuned by calcination temperature as it
affects the crystallite size as a result, controls the band-gap. Electrochromic properties
of nickel oxide can be utilized in smart windows application[14]. The Ni?* is oxidized
to Ni®* by applying certain potential, which makes NiO film switch from transparent
(reduced form) to black (oxidized form)[14]. The coloration and discoloration of the
NiO electrode on the Fluorine-Dopped Tin Oxide electrode (FTO) during the cyclic

voltammetry experiment are represented in Figure 1.1[15], [16] .



Ni(OH), > NiOOH I

Figure 1.1. Schematic representation of NiO electrode during Cyclic Voltammetry
experiment in basic media[15].

The coloration times were around 6 seconds for forward and reverse cycle and
the efficiency was again explained by small particle size of nickel oxide, coated as a
thin film by electrodeposition[14]. Electrochemical conductivity of NiO in the galvanic
cell was investigated by Wang et. al. by combining NiO with Au nanoparticles, which
shows that electrochromic properties of nickel oxide by combining with a second-row
transition metal can be enhanced due to charge transfer between gold oxide and nickel
oxide surface[17]. In another work, investigation on the optical properties of NiO, the
stability of the film and life time of coloration and bleaching cycles were analyzed[18].
They found out that, in basic media, switching between dark and transparent phase can
be conducted up to 500 cycles[18].

Electro-optical data of NiO thin films, synthesized by Garcia-Miquel et. al.,
showed that the electrochromic response is getting better upon cycling[19]. This
phenomenon is related with the formation of active surface on top of the NiO core,
namely Ni(OH)2/NiOOH active surfaces, upon cycling (cyclic voltammetry)[20].
Therefore, the properties of NiO are highly dictated by active surface species, which
are Ni(OH)2 and NiOOH species. There are several works on synthesis and
characterization of nickel hydroxide and its electrochemical properties[21].

Several methods have been developed to synthesize nickel oxide with a desired
morphology. For instance, the nanocrystalline NiO has been successfully fabricated by
sol-gel and homogeneous precipitation method[22]. Homogeneous precipitation
method produces NiO particles as small as 2 nm in size which makes that route of



synthesis more successful compared to sol-gel method that produces 19 nm
nanoparticles[22]. Another synthesis route that was widely implemented is the
hydrothermal synthesis, where precursor species were nickel chloride, ammonia, and
glucose[23]. Due to spherical hollow structure and small size of nickel oxide
nanoparticles, it can be used as electrode material in energy storage[23].
Pseudocapacitive performance of mesoporous NiO that was synthesized by
homogeneous precipitation and microwave assisted heating method were also tested
[24]. This work shows that the synthesis and fabrication routs highly control the
properties of the end product. As synthesized porous NiO showed high specific
capacitance and extraordinary electrochemical stability[24]. Therefore, it is important

to develop alternative synthesis methods to elucidate what NiO may offer.

1.2 Hard and Soft Templating Synthesis Methods

There are several synthesis methods of mesoporous materials, but generally they
are classified by two types, hard- and soft-templating[25]. Soft-templating method was
first introduced by Kresge et.al in 1992 by using surfactants in a polymerizing media
of silicate. Later, it is modified to make many other materials, such as TiO., Al.Os,
SiO2 and metal titanates with pore sizes around 14 nm[26]. These porous materials
have thick channel walls with an extremely high thermal stability[26]. Thermal
decomposition of oxalate precursor has been also used to fabricate mesoporous metal
oxides[27]. This method of synthesis has a lot of advantages such as low cost,
environmentally friendly, and has been employed to synthesize iron oxide, nickel oxide,
manganese oxide, NiFe>O4 and CoFe204[27]. Another soft templating route to obtain
porous materials is a ligand assisted liquid crystal templating[28]. Using that method,
porous niobium dioxide has been synthesized[28]. Moreover, sol-gel method is also
one of the most popular routes to obtain mesoporous materials. One of the first
examples is the synthesis of mesoporous titania[29]. Titanium alkoxide and phosphate
surfactants were utilized as the precursor and structure directing agents, respectively.
The large surface area with an ordered porous structure has been obtained by using sol-
gel synthesis[29].

Schematics for both hard and soft templating synthesis of mesoporous materials

are given in Figure 1.2[30].
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Figure 1.2. Schematic representation of hard and soft templating[30].

Evaporation-induced self-assembly (EISA) method has been developed to
fabricate mesoporous silicon dioxide films, where poly(ethylene oxide)-b-polystyrene
(PEO-b-PS) diblock copolymers were used as a template while TMOS was used as a
silica precursor[31]. EISA methods has many advantages, but one of the main
drawbacks is that it does not provide material with desired pore regularity, that is why
hard templating has also been widely used[32]. The main idea of hard-templating, that
is also called nano-casting, the precursor solution is infiltrated into the porous template
and after a thermal treatment, the template is removed by etching with mostly acid or
base, and the resulted material is reverse replica of the hard template[32][33].

Generally, commercial hard templates are used for making porous oxides, for
example commercial silica framework SBA-15 is used to fabricate chromium
oxide[34]. Then the silica template was removed by etching in HF[34]. Similarly, the
mesoporous magnesium oxide has been synthesized[35]. Mesoporous carbon aerogel
was also used as a hard template and magnesium nitrate as a manganese precursor[35].
The carbon template was removed by calcination at 600 °C for 8 hours and the resulted
material had a surface area of 150 m?/g[35]. Later, more transition metal oxides were

fabricated using nano-casting, for instance cobalt oxide was synthesized using again



mesoporous silica, like KIT-6 and SBA-15[36]. The template was later removed by
treatment with a mix of hydrogen peroxide and nitric acid[36].
In this work, the molten salt-assisted self-assembly (MASA) method that was

developed by Dag et al. will be used to synthesize mesoporous metal oxide[37].

1.3 Lyotropic Liquid Crystal (LLC) Templating: Molten Salt
Assisted Self Assembly (MASA) Method.

Lyotropic liquid crystalline mesophase are usually formed by surfactant
molecules with hydrophobic and hydrophilic ends. For the formation of LLC phases,
the mixture contains at least two components, solvent and surfactant molecules. The
LLC phase is very sensitive to the amount of solvent and surfactant and also
temperature. At specific solvent/surfactant ratio range, an LLC mesophase can be
formed[38][39].

Salt-surfactant LLC (SS-LLC) mesophase that is consisting of a transition metal
salt and surfactant was discovered by Dag et al[40]. These SS-LLC mesophases were
formed by homogeneously mixing of a non-ionic oligo(ethylene oxide) surfactant and
transition metal nitrate hexahydrate salt. By changing the salt to surfactant ratio,
structure of the SS-LLC phases has been controlled [40].

The LLC phase is characterized by small-angle X-Ray diffraction technique,
and d-spacing is calculated by using Braggs law that is shown in Equation 1.1[41].

nd = 2d sin6 Equation 1.1

nis an integer and is equal to 1
M is a wavelength that is equal to 1.5405 A
d is spacing of the unit cell in A

0 is the measured half-angle in °

The SS-LLC phase is quite sensitive to the counter anions of the salts, so the
mesophase may not be stable due to presence highly concentrated charged species (salt

ions), for this reason extra charged surfactant, like CTAB or SDS have been introduced



to the mesophase. CTAB helps to stabilize the mesophase by interacting with non-ionic
surfactants, and could accommodate large amounts of salts[42]. Confining salt species
in a nano-space, among micellar domains, significantly decreases the melting point of
the salt, that is how MASA method was developed to synthesize mesoporous transition
metal oxides, metal cobaltites, metal phosphates, pyrophosphates and lithium metal
oxides[43][20], [44], [42][45]. The mesophase consists of metal salts and surfactants,
where the salt species are any transition metal salt, like (JCo(H20)s](NOs3)2,
[Ni(H20)6](NO3)2, [Zn(H20)6](NO3)2, and [Cd(H20)4](NO3z)2). In the MASA process,
a mixture of changed and non-ionic surfactants is used together, namely Ci2EO10-
CTAB and C12EO10-SDS couples[40]. The salt concentration can be increased up to 8
mole salt/surfactant mole ratios in the two surfactants LLC mesophase, where the salt
concentration is significantly larger compared to a single surfactant LLCs. This stability
is brought up by two surfactants interacting together and allowing to accommodate
larger amounts of salts into hydrophilic domains of the mesophase. Evaporation of the
volatile solvent that can be water or alcohols, the mesophase remains stable at such high
salt concentration. The stability of the mesophase could be controlled by simply
changing the amount of CTAB or SDS in the media[46].
A schematic representation of the MASA method is displayed in Figure 1.3.
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Figure 1.3. Schematic Representation of MASA method.



MASA was used to synthesize not only metal oxides but also the titanates like
LisTisO12, MNTiO3, CoTiO3, CdTiOs, Zn2TiOs, etc.[43] In the synthesis process, titania
undergoes hydrolysis and condensation before the calcination and produce a very stable
mesostructure. After calcination, the mesoporous titanate is produced with a high
surface area. Note also that the MASA method can be adopted to synthesize other
mesoporous materials with high surface area. Along with that, the method is considered
to be one pot synthesis, very flexible and can be adopted to synthesize any transition
metal oxide[20], [44].

1.4 Mesoporous Nickel Hydroxide and Nickel Hydroxide

Nanoparticles.

Mesoporous nickel oxide is widely wused in photocatalysis[47],
electrocatalysis[48], [49] supercapacitors[50], [51], [52], [53], electrochromic
devise[54] etc. There are many ways to synthesize mesoporous nickel hydroxide and
nickel hydroxide nanoparticles. The most widely used ones are chemical precipitation,
electrochemical precipitation, sol-gel synthesis, and hydrothermal or solvothermal
methods [55]. The least common methods are microwave assisted, sonochemical, and
solid state-synthesis[56].

There are two known structures of nickel hydroxide, a-and B-Ni(OH)2[55]. The
a-Ni(OH)2 generally can be synthesized via chemical precipitation or electrochemical
deposition[55]. Chemical precipitation is just a one-step method, where a solution of
any Ni(ll) salt is mixed with a base (NaOH or KOH), and when pH is high enough, the
nickel hydroxide precipitate is formed. The best way to synthesize the B-Ni(OH) is
chemical aging of the a-Ni(OH)2 in an alkaline media by dehydrating it or by simply
heating it[56][57], [58].

The XRD patterns of nickel hydroxides, both a-and p-Ni(OH)., are given in
Figure 1.4[56]. The B-Ni(OH): is isostructural to brucite, manganese hydroxide, and it
has less surface coverage[59]. While the a-Ni(OH)2 has a larger layer-layer distance
and is more hydrated with higher surface coverage. It consists of layers of B phase that
are connected by water molecules[59]. Those water molecules are not fixed between
the Ni(OH)2 layers and have freedom to rotate that is why the water generally is omitted

from the formula[59]. The a-Ni(OH). is considered to be electrochemically more
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active , compared to P phase, and the reason behind that is their structure[60]. Bode
et. al. proposed the electrochemical reactions that can explain the behavior of nickel

hydroxide electrodes during electrochemical oxidation, see Figure 1.5.[55][58].
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Figure 1.4. X-ray diffraction patterns of Ni(OH): films: (Top) B-Ni(OH)2 and
(bottom)a-Ni(OH). [56].
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Figure 1.5. A general scheme of the chemical and electrochemical processes that
occur at a nickel hydroxide battery electrode[55],[56].

As shown in the scheme in Figure 1.5, the oxidized phases are - and y-NiOOH
and the reduced phases are a- and B-Ni(OH)2[56]. These schematics generally represent
the nickel hydroxide battery electrode behavior, and it is going to be used to
characterize nickel oxide electrodes and to explain the electrochemical process in this

study.

1.5 Mixed Mesoporous Nickel Manganese Oxides/Hydroxides and
Nanoparticles: Synthesis, Characterization, and Electrochemical

Properties

Water oxidation catalysts are essential in the renewable energy industry[61].
Manganese-based transition metal oxides got much attention because they are low-cost,
earth-abundant with a tunable morphology and large potential window [62], [63], [64].
Among all of the methods of synthesis of Mn-based oxide electrodes, hydrothermal
method is the most common because it requires high temperatures, so it's beneficial in
terms of time and cost[65], [66], Fukuzumi et al. reported the work on NiMnO3 as an
efficient water oxidation catalyst[67]. Nickel manganese mixed oxides were
investigated at different manganese-to-nickel ratios. Compared to pure NiO and Mn3Oa,
the NiMnOs showed better photocatalytic activity towards oxygen evolution reaction
with highest oxidation current[67], [63], In this study, tris(bipyridine)ruthenium (I1)

complex and peroxydisulfate(V1) ion have been used as photosensitizers and oxidants,



respectively[67]. Following this study, Yu et al. studied the electronic structure and
photocatalytic properties of MnNiOz as a photocatalyst in a basic media[68]. This study
shows that the MnNiOz has a suitable band-gap position for oxygen evolution reactions
(OER) and hydrogen evolution reactions (HER). The Pourbaix diagram analysis shows
that this composition is stable in alkaline media[68]. Other manganese nickel oxides
like, NizsMn1504, NiMn20O4, and MnNi2O4 were synthesized at 800 °C using a
hydrothermal method, where a surfactant is not required[69]. In this study, Ni1.sMn1.504
exhibits exceptionally high performance towards urea oxidation at 0.3 V vs Ag/AgCl
(3.5 M KCI) reference electrode with a 7 mA/cm? current [69]. To show the effect of
the morphology of the mixed nickel and manganese oxide electrodes, the Mn,O3
nanowires were fabricated via solvothermal synthesis without any calcination and
templating[70]. One-dimensional nano-wires of Mn,Os are dopped with Ni?* and Co?*
ions, which create defects in the lattice, leaving room for oxygen vacancies and
enhancing the electrocatalytic performance of doped oxide compared to pure one[70].
In every other work, the water oxidation reaction mostly occurs in basic media[68],
[71], [72], [68], [73].

It was studied that nickel mixed with manganese makes lattice distortion in
manganese oxide spinel structure, which enhances overall water splitting[74], [75].
Also, nickel oxide being in a 3+ oxidation state improves cycling stability during the
galvanostatic charge-discharge experiment[76]. Here, Rajendiran et al. show the
synthesis of a hierarchical nickel-dopped manganese iron carbonate[76]. Duraivel et al.
investigated the synthesis of nickel manganese oxide electrodes at different nickel
manganese ratios, with a Ni ratio of 20, 25. 50, 75, and 80 %, to evaluate the optimum
composition for OER[75]. The nickel-rich compositions, namely Nio.7sMng250 and
Nio.sMn0 .0, showed the best performance towards water oxidation with overpotentials
of 250 and 140 mV at 10 mA/cm? current density, respectively[75]. However, Tafel
slopes are not as low as in this thesis and are around 100 mV/dec[75]. In the previous
study of the same research group, different nickel manganese hydroxides were
synthesized by hydrothermal method for water oxidation[77]. Different mole ratios
were tested and in chronopotentiometry experiment at 10 mA/cm? the lowest
overpotentials that were observed 264 and 165 mV both for oxygen evolution and

hydrogen evolution reactions [77], [78].
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During the electrocatalytic process, transition metal oxides tend to convert to
metal hydroxides, which are usually active sites in OER and in other electrochemical
processes, like galvanic charge-discharge measurements (GCD), Tafel and
chronoamperometry measurements (CA), chronopotentiometry (CP), cyclic
voltammetry (CV), etc.[79], [80], [81], [82][83]. So, many studies are targeted at
synthesizing metal hydroxide[79], [80], [81], [82], [83], [84]. Transition metal
hydroxides are layered materials so, for example, mixed nickel manganese hydroxides
are called NiMn layered double hydroxides[84]. Mixed double hydroxides are easily
synthesized using methods like co-precipitation, electrodeposition, hydrothermal
methods, etc[85], [86]. Latorre-Sanchez et al. showed the synthesis of Nickel
manganese hydroxides using the nickel and manganese nitrates mixed in ethanol and
keeping them at 65 °C while stirring for 3 days till obtained suspension sonicated and
dried to obtain hydroxides[87]. NiMn hydroxides microspheres were also synthesized
on hard template silica oxide by using salts suspensions in ethanol and stirring the
mixture at room temperature for 1 hour[88]. High temperatures are not required in co-
precipitation methods, but the hydrothermal methods do require elevated temperatures.
For hydrothermal synthesis urea is widely utilized to make metal hydroxides[89], [90],
[91], [92].Urea increases the pH of the solution above 90 °C and speeds up the
precipitation of NiMn hydroxide with high crystallinity and yield[89]. Similar to urea,
hexamethylenetetramine is also used for synthesizing NiMn hydroxides via a

hydrothermal route[93].

Because of the unique layered structures consisting of the monolayer nanosheets
of nickel manganese double hydroxides, they are seen as promising energy storage
materials[94], [95], [96]. As manganese can exist in different oxidation states, it is also
a promising electrode material and is a good candidate for nickel in the fabrication of
layered double hydroxides[97], [98]. Replacement of Ni?* species with Mn®" ones
improve the usage of Ni?* due to electronegativities between two metal ions[97]. In the
literature, there are some mechanisms proposed for the electrochemical process
(charge-discharge, OER, etc.) of the nickel and manganese mixed hydroxides as a

Faradic redox reaction (see Equations 1.2, 1.3, 1.4)[99].
Ni(OH), + OH™ <= NIiOOH + H,0 + e~ Equation 1.2 [99]
Mn(OH), + OH™ < MnOOH + H,0 + e~ Equation 1.3 [99]
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MnOOH + OH™ < MnO; + H,0O + e~ Equation 1.4 [99]

The electrochemical analysis should be done in the basic electrolyte as the
electrode material is dissolved in the acidic media, and the charge storage happens due

to electrons moving between layers of the double hydroxide redox active sites [99].

Manganese oxide alone, has high theoretical specific capacity of 755
mA*h/g[100][78]. In the very first study of manganese oxide as an energy storage
material by Goodenough et al., where potassium permanganate and manganese
diacetate were reacted to produce manganese dioxide. The reaction is given in Equation
1.5[101].

Mn’*+3/2Mn?*— 5/2Mn** Equation 1.5

The capacity of MnO2 showed ideal values in NaCl and KCI electrolytes.

Capacity values were calculated by charge (Q) that was measured via cyclic
voltammogram experiments or from galvanostatic charge-discharge profiles, and the
charge value is divided by a static load of the electrode (m) and potential window (AE)

that was initially set for the measurement; the formula is given in Equation 1.6[102].
C=Q/(mAE) Equation 1.6

It was determined that specific capacity is quite sensitive to the surface area of
the electrode[102]. Increasing the surface area increases the capacity [102].

As for the nickel manganese double oxides, it was already discussed that they
are excellent water oxidation catalysts and similar to double NiMn hydroxides, they are
also good energy storage electrodes [65][103], [104]. They have high theoretical
capacity and a wide potential window, which makes them promising electrochemical
capacitors [105], [106]. There are several studies that have shown the application of
nickel manganese oxide as an energy storage material, for example Wu et al. showed
the synthesis of nickel magnet binary oxides nanoparticles with the specific capacity of
285 F/g at 5 mV/s scan rate[107], [108]. In another work, mesoporous NiMn2O4 was
synthesized via the sol-gel method and showed a specific capacity of 243 F/g at 5 mV/s
scan rate, which is similar to Wu et al. work[107]. Another study showed even lower
capacitance for NiMn.Oa that is 202 F/g at 0.5 mA/cm? current density[109]. In all of

the above-mentioned studies, the sodium salt electrolytes were used[107], [108], [109].
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The capacity value was significantly improved by replacing the electrolyte with a basic
one, 2M KOH[104]. The maximum capacity reported was 460 F/g at a 5 mV/s scan
rate[104]. In one of the recent publications of Ray et al., the capacity of synthesized Ni-
Mn-Oxide electrodes reached almost 1200 F/g at 2 mV/s scan rate with stability up to
5000 cycles [103]. Also, that material showed excellent coulombic efficiency of 97%
up to 3000 cycles[103].

1.6 Mesoporous Nickel Oxide and Nickel Oxide Nanoparticles on

Silica Support and their Electrochemical Properties

Attard et al. reported the first example on synthesis of mesoporous silica using
liquid crystalline mesophases[110]. Silica with pores of around 3 nm was
synthesized[111]. This synthesis method is considered to be a soft templating method
with high surfactant concentration, where the phase diagram of silica with surfactant
and surfactant with water look similar[110]. The liquid crystalline templating method
later opened a window for fabricating other mesoporous materials via soft templating
path[110]. Earlier, Bogush et al. studied the kinetics of the formation of silica
nanoparticles via condensation of silicon alkoxides[112]. In this study, authors showed
that TEOS (tetraethoxyorthosilicate, Si(OCH2CHz3)4) undergoes hydrolysis and
condensation reactions when NHz is added [112]. The silica molecular sieves, such as
MCM-41 and HMS were synthesized using TEOS and charged surfactant quaternary
ammonium salts and neutral primary amine[113]. The pore size of the as-synthesized

mesoporous silica was about 3.5 nm with a maximum surface area of 1250 m?%/g[113].

The successfully synthesized mesoporous silica has been employed as a hard
template to fabricate mesoporous transition metal oxides. Liu et al. have synthesized
one of the first examples mesoporous nickel oxide by silica templating [114]. The
mesoporous nickel oxide with a surface area of 530 m?/g has been synthesized using
nickel sulfate as the salt precursor and CTAB as a surfactant [114]. In 2006, Kim et al.
have synthesized NiO and SiO2 nanocomposites using spray pyrolysis, which produced
smaller nickel oxide nanoparticles when silica was involved in the synthesis, while the
pure nickel oxide particles always grow into large crystallites by increasing

temperature[115].
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SBA-15 is probably one of the most widely utilized silica templates for
synthesizing mesoporous materials[116]. So mesoporous nickel oxide was synthesized
by nano casting method using SBA 15, and the synthesis schematics is shown in Figure
1.6[116].

Pore filling with Ni Calcination
source in ethanol Removing of sili

&3 &
w %

SBA 15 Silica SBA 15 Silica filled Mesoporous NiO
with Ni precursor

Figure 1.6. Schematics of the synthesis mesoporous NiO by using SBA-15[116].

In this synthesis, nickel nitrate hexahydrate, dissolved in ethanol, was used as a
nickel source, and the SBA-15 powder was slowly added into the solution. The solution
was stirred for 12 hours and dried for another 12 hours to obtain mesoporous nickel
oxide powder on silica, after etching the silica template by sodium hydroxide
solution[116].

Another method, which was employed to produce NiO nanoparticles using
silica is microemulsion sol-gel synthesis[117]. The point of this study was to obtain
different types of NiO compositions like pure nickel oxide, silica-coated nickel oxides,
and nickel oxides inside of the silica matrix[117]. The study showed that NiO with
silica shows a more uniform and smaller particle size compared to the pure NiO
nanoparticles. If NiO-coated silica and NiO embedded in silica matrix are compared,
the last one is more transparent in UV-visible and infrared regions[117]. Also, by
tuning the surfactant, silica concentration, and calcination temperature, microemulsion
sol-gel synthesis is considered to be advantageous in producing mesoporous nickel

oxide with silica with different morphologies[117].

1.7 Fabrication of Ordered Mesoporous Nickel Oxide and a-, f§ -
Ni(OH)>

As has already been discussed, the method to synthesize mesoporous nickel
oxide and nickel manganese mixed oxides is the molten salt-assisted self-assembly[20],
[37], [43], [118], [119]. In this method, salt, non-ionic and charged surfactants are used
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to create the LLC phase that can be calcined at elevated temperatures to obtain
mesoporous metal oxide of the salt. MASA is an easy method and considered to be one
pot synthesis. Though this method ensures high surface area, small particle size and
large pore volume to the metal oxide, the main disadvantage compared to hard
templating or nano-casting one [35] is that it does not produce ordered material but
rather sponge like porous structure. For the optical characterization, ordered structures
are more advantageous for measuring band gap for example[120]. Their ordered
structure also provides advantages like easier structural characterization (XRD, SEM
imaging, etc.)[121].

One way to synthesize ordered mesoporous nickel oxide could be
electrochemical deposition from the dilute surfactant solution[122]. Mesoporous nickel
hydroxide film was prepared by electrochemical deposition from diluted solution that
contains surfactant templates by Tan et al. Lamellar structures were formed by using
sodium dodecyl sulphate as a template together with triblock co-polymer (P123,
EO20PO70EO2, EO is ethylene oxide and PO is propylene oxide) and ethylene glycol.
The electrodeposited mesoporous nickel oxide electrodes were obtained by washing
with water and 2-propanol to remove the surfactant[122]. The end material was
characterized by small angle XRD and shown that the nickel hydroxide film is quite
uniform[122].

The XRD patterns can be indexed with a 2D hexagonal symmetry. It should be
noted that Ni(OH)2 was freshly electrodeposited from nickel nitrate and surfactant
solution (plating solution), and it has a very regular structure. In order to obtain ordered
mesoporous nickel oxide, the freshly deposited electrode can be calcined at high
temperatures, assuming the end material is not going to lose its pore regularity after
calcination. In the future work, this method will be utilized to synthesize mesoporous

NiO for comparison.

1.8 Review of Electrochemical methods used in this study

Chronopotentiometry (CP)is a widely used technique in electrochemical
experiments. In this technique, a constant current is applied to a system, and the voltage
response is recorded[123]. This is achieved by employing special potentiostat devices

in a traditional, wet electrochemical setup [123]. Lastly, the potential behavior is critical
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for understanding the electrochemical reactions over time [123]. This method is widely
used to test water oxidation reactions and obtain overpotentials at various current
densities for OER[123].

Galvanostatic charge & discharge (GCD) isa sub-technique of
chronopotentiometry is related to charge and discharge processes [124]. As the name
implies, the direction (the sign) of the applied current leads to the charging of the
electrochemical system [124]. This is widely used for battery research and analysis of
different electrode materials that have high charge capacity as well [124]. Thus, the
voltage behavior heavily depends on the electrochemical system (or the mesoporous
transition metal oxide electrode in this thesis) and helps us to evaluate and characterize
the electrodes [124]. On the other hand, the chronopotentiometric discharge process is
the same as the charge process, where the direction or the sign of the current is opposite
[124]. Therefore, it resembles a battery discharge[124].

Cyclic voltammetry (CV) is a very commonly used technique in traditional
electrochemistry, where the potential/voltage is being swept at a constant rate and the
current response is recorded. In this technique, the overall voltage window of the
electrochemical system can be analyzed in detail, and the stability of the electrodes can
be demonstrated over multiple cycles and scenarios [125]. Moreover, the current
intensity over time can lead to conclusions regarding surface properties such as active
site area, (double-layer) capacitance, and reaction kinetics[125].

Tafel equation is one of the well-known equations in electrochemistry[126]. It
represents the overpotential (1) against the current density (j) to model/analyze reaction

kinetics. The overall equation is given in Equation 1.7 [126].

n =a+ b*log(j) Equation 1.7 [126].

In this equation, 1 is the overpotential in V (Volts), j is the current density
(which is i/ig), b is the Tafel slope (which includes parameters related to the charge
transfer processes and temperature), and a is the intercept point at zero current [126].
Since it is a logarithmic equation, the plotting must have log-scale axes. Thus, the plot
can be drawn by plotting n [126]. Tafel plot values provides information about the

mechanism of the electrochemical reaction [126]. This plot is obtained from a
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chronoamperometry (CA) experiment where voltage is given as an input and the current
response is investigated [126].

Series resistance (Rs) measurement using electrochemical impedance
spectroscopy (EIS) is a non-destructive, in-situ technique that is commonly used in
battery research, electrochemical characterization, and similar fields[127], [128].
Fundamentally, it applies a sinusoidal excitation signal to the electrochemical system
and analyzes the results[116][129]. Depending on the overall impedance, this excitation
signal can be current or voltage[116]. If the current is applied, the voltage response is
measured. Contrary, if the voltage is applied, the current response is analyzed[116].
The sinusoidal signal is applied at different frequencies, which range from kHz to mHz.
The range selection depends on the studied system and electrochemical processes of
interest[116] [129]. As a result, the excitation signal is applied over a log-based
frequency range[116]. Thereafter, the response is analyzed for its linearity, causality,
and reproducibility[116] [129]. All the data reported in this thesis are KK-compatible
[129]. By doing EIS analysis, one can get critical parameters such as solution resistance,
charge transfer resistance, double-layer capacitance, and diffusion processes [129].
These parameters can shed light on the electrode properties, which is the main focus
point of this thesis [129]. Ohm's Law correlates between the potential and voltage

relationship over a resistor. The Ohm’s law is given in Equation 1.7[130].

V = I*R Equation 1.7 [130].

In this formula, V is the voltage in V, | is the current in A, and R is the resistance in
Ohms [130].

In this thesis, the mesoporous nickel manganese mixed oxides denoted as Niz-
xMnxO and nickel oxide on silica template denoted as m-NiO-SiO; electrodes are
synthesized, and various structural characterization techniques with the above-
mentioned electrochemistry analysis techniques will be implemented to characterize

and analyze the properties of the NiO oxide-based electrodes.
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Chapter 2

2 EXPERIMENTAL SECTION

2.1 Materials

Cetyltrimethylammonium bromide (CTAB), manganese nitrate tetrahydrate
(IMn(OH2)4](NOs)2), nickel nitrate hexahydrate ([Ni(OH2)s](NOz3)2), 10 lauryl ether
(C12E10), absolute ethanol, concentrated nitric acid (HNO3), tetramethoxyorthosilicate,
(Si(OCHzs)s4, TMOQOS), 1 M potassium hydroxide (KOH), lithium chloride (LiCl),
lithium hydroxide (LIOH), deionized water, graphite rods, fluorine-dopped tin oxide
(FTO).

2.2 Preparation of Ni(ll) and Mn(11) Mixed Solutions

Ni(Il) and Mn(Il) mixed solutions are prepared by first dissolving a charged
surfactant and metal salts (cetyltrimethylammonium bromide, CTAB), manganese
nitrate tetrahydrate  ([Mn(OHa)4](NOs).) and nickel nitrate hexahydrate
(INi(OH2)6](NO3)2) in 5 ml of ethanol and stirred with magnetic stirrer for 15 minutes
to obtain clear solutions. Then a melted non-ionic surfactant (10 lauryl ether, C12E10) is
added to the above solution and again stirred till clear solution is obtained. Note that
the surfactants ratio was kept constant and only the Mn/Ni ratio was changed, keeping
the total salts to surfactant ratio 10 to 1. Detailed composition information is provided
in the Table 2.1.
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Table 2.1. Compositions of the clear solutions, used for the preparation of
mesoporous NixMnyO films, Ni salt rich compositions.

Ni(11)/Mn(11)/C12 Amount of Amount of Amou Amou Amou
Eiwo Mole Ratio  [Mn(OH2)4]J(NO [Ni(OH2)6](NO  nt of ntof  ntof
3)2 (9) 3)2 (Q) CTAB CpEi0  Ethano
(@) (@  I(ml)
59:5:1 1.001 1.159 0.291 0.500 5
6:4:1 0.797 1.392 0.291 0.500 5
7:3:1 0.601 1.624 0.291 0.500 5
8:2:1 0.401 1.856 0.291 0.500 5
9:1:1 0.200 2.087 0.291 0.500 5
10:0:1 0 2.321 0.291 0.500 5

Table 2.1. provides Ni salt rich compositions. For better understanding the
nickel and manganese mixed compositions, the manganese rich precursor solutions

were also prepared and the compositions are tabulated in Table 2.2.

Table 2.2. Compositions of the clear solutions, used for the preparation of
mesoporous NixMnyO films, Mn salt rich compositions.

Ni(11)/Mn(11)/Cy2 Amount of Amount of Amou Amou Amou
Eio Mole Ratio  [Mn(OH2)4]J(NO [Ni(OH2)6](NO  nt of ntof  ntof
3)2 (Q) 3)2 (0) CTAB CupEip Ethano
(9) (9  I(ml)
4:6:1 1.201 0.928 0.291  0.500 5
3:7:1 1.401 0.696 0.291  0.500 5
2:8:1 1.602 0.464 0.291  0.500 5
1:.9:1 1.795 0.232 0.291  0.500 5
0:10:1 1.994 0 0.291  0.500 5

As the amount of manganese is increased, the solutions become unstable, and
eventually, brown precipitate forms. To avoid that issue, three drops of concentrated
nitric acid are added. The reason why the above issue is not observed in the nickel-rich
compositions is that the acidity provided by the nickel nitrate hexahydrate salt is

sufficient to prevent any precipitation.
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2.3 Preparation of Ni(Il) and TMOS solutions and Fabrication of

Mesopores Nickel Oxide Electrodes on Silica Support

OH, oH OH OH, OH
sli Hﬂ“r\L”‘uH‘ “ Ell s Tal -"!' + 0]
Mo [ Non | wer ! om, Hu/sJ\cn NO/\L\\n’"="n/|\°"
OH OH OH H o H Gy H OH

1.5 Ni(NO,),.6H,0

1 CTAB I oefion I 1, o I r { o, Jlone ]
1 C12E10 nn’l\ ,ﬁ/ ‘L:uu mflu“ﬂ’lu\m* o™ AH“W m-SiOz
4 TMOS

50 ml water

24 hours

—

(== | [ == ]

Figure 2.1. Synthesis Schematics of the mesoporous silica denoted as m-SiOa.

In the synthesis schematics shown above, the nickel nitrate hexahydrate, CTAB,
10 lauryl ether, TMOS (tetramethoxyorthosilicate, Si(OCHzs)4) and 50 ml of deionized
water are mixed together in a 100 ml beaker and stirred over a magnetic stirrer till a
homogeneous solution is obtained. After 24 hours of stirring, a cloudy precipitate
started to appear in the solution. Later the solution is filtered washed with absolute
ethanol and air dried to obtain mesoporous silica that later can be used as a template to

synthesize mesoporous nickel oxide.
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Figure 2.2. Synthesis Schematics of m-SiO; via reusing the filtrate.

As shown in Figure 2.2, the filtrate can be reused to synthesize more mesoporous

silica oxide by adding precursors.

50 ml
i NiO-SiO,
50ml 3504
j I::> Characterized by
50 ml CPand CV
N 10 Ni(I1)
1 CTAB
1 CIGEIZ
50 ml water (10X
~ 50ml diluted precursor
solution, with
§ different amount
of dispersed m-
$i0,)

Figure 2.3. Synthesis schematics of the fabrication of mesoporous nickel oxide
electrodes on graphite substrate, denoted as m-NiO using mesoporous silica at
different amounts as a hard template.

For the detailed analysis of silica on structural compositions on mesoporous nickel
oxide, different amounts of silica are used to synthesize NiO electrodes, as represented
in Figure 2.3. The fully precipitated silica from the original solution was divided into 4
different parts with different concentrations of precipitated silica that were lately used

for synthesizing mesoporous nickel oxide electrodes.
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2.4 Preparation of Mesoporous Nickel Oxide (NiO) and Nickel
Manganese Mixed Oxides (Ni1-xMnyO).

Upon solution preparations, they were spread on the glass or fluorine-doped tin
oxide (FTO) substrate by spin coating to obtain thin and by drop-casting to obtain thick
LLC films. Spin-coating was done at 2000 rpm for 10 s that ensures immediate solvent
evaporation and gelation. After calcination at 250 °C, the films are further annealed at
higher temperatures, starting from 250 to 350 °C, with a 50 °C increments and keeping
for 1 hour at each temperature. In the case of drop casting, drops of the precursor
solution are spread on the glass substrate and kept at room temperature for 5-6 minutes
to ensure gelation. After calcination, drop-casting produces thicker films, or monoliths.
Spin-coated samples, on top of the FTO substrate, are used for electrochemical
characterization, while the drop-casted ones are used for other characterizations, where
large amount of sample is needed (like XRD and Nz-adsorption desorption

measurements).

2.5 Preparation of the Electrodes for Electrochemical

Characterization.

Above solutions are coated on top of the FTO glass by spin coating at 2000 rpm
for 10 s. Then the coated samples are calcined at 250 °C, then annealed to 300 and to
350 °C for 1 hour at each temperature. The electrodes are used in electrochemical
characterization in three-electrode systems in the basic electrolytes (1M KOH solution).
The components of the electrochemical cell are working electrode (NixMnyO coated
FTO), reference electrode (Ag/AgCl, in 4M KCI solution), and counter electrode (Pt
wire). The cyclic voltammetry measurements were carried in various potential
windows, at mostly 50 mV/s scan rate.

Electrodes on graphite substrate are prepared via diluting the original precursor
solution 10 times and dip coating 1 cm length of graphite rode at a pulling speed of 10
cm/min, followed by calcination at high temperatures.

The schemes of three-electrode cells for electrochemical characterization are

given in Figure 2.4.
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Reference
electrode
Ag/AgCI(KCL)

Electrolyte
Solution 1M KOH

Working  counter electrode Working  Counter electrode
electrode on Pt wire electrode on Pt wire
FTO graphite,
Examined Examined
material material

Figure 2.4. Schematic Representation of 3 electrodes, electrochemical cell for NiO
based electrodes characterization.

2.6 Determination of Catalytic Load on Graphite Electrode

Catalytic load on the graphite electrode was determined by measuring the mass
of the used precursor solution, diluted 10 times (See previous section). The schematic
of catalytic load determination is given in Figure 2.5.

Difference=
coated
solution+evaporation

0.152g=
0.144g+0.008 g

- >

m=3.476 g m=3.324¢g

Figure 2.5. Schematic representation of the determination of catalytic load on
graphite rod using change of the mass of the precursor solution.
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10 times diluted initial precursor solution is poured in a UV cuvette. The mass
of the UV cuvette is 1.879 g. The mass of the solution added is 1.597 g. The total mass
IS 3.476 g before dip coating. After dipping around 1 cm of 10 graphite rods into the
solution, the mass of the cuvette decreased by 0.152 grams, 0.008 g of which is ethanol
and evaporates during this process. So, 0.144 grams of solution is used to coat 10
graphite roads. As the amount of Ni(NOs)2:6H20 is known in the initial precursor
solution, it is calculated that 5.556*10° g of nickel nitrate was used for coating. After
calcination of 10 graphites at 350 °C, the mass of the NiO coating becomes 1.427*107
g. Therefore, each electrode has a 1.427*10“ g (or 0.143 mg) NiO coating(catalytic
load on 1 single graphite rod).
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2.7 Instrumentation

2.7.1 Powder X-Ray Diffraction (PXRD) Patterns

Rigaku Miniflex Difracometer operating at 30 kV/15 mA and Pananalytical
X’Pertpro Multipurpose x-ray diffractometer, operating at 45 kV/40 mA with the K
Cu X-Ray source (A=1.54056 A) are used for characterization of powder sample
collected from drop-casting and spin-coated calcined samples scratched from the glass
slides (wide angle) and fresh liquid crystalline phases that are prepared on glass or FTO
substrates (small angle). The small-angle XRD patterns were measured between 1 and
5°, 260, at a scan rate of 1 °/min. The wide-angle XRD patterns were measured between
10to 80 °, 26, at a scan rate of 2 °/min. References for XRD patterns are taken from the
JCPDS database (Joint Committee on Powder Diffraction Standards).

2.7.2 Polarized Optical Microscopy (POM) Images

ZEISS Axio Scope Al polarizing optical microscope is used to collect POM

images of the fresh or aged LLC mesophases.

2.7.3 N2 (77.4 K) Adsorption-Desorption Measurements

Micrometerics Tristar 3000 automated gas adsorption analyzer in the range of
0.01t0 0.99 P/Po is used to obtain N2-adsorption and desorption isotherms. Mesoporous
transition metal oxide powders are scratched from the glass substrate, grinded
thoroughly, and put into a vacuum of 35-40 mtorrs at 200 °C for at least 2 hours prior
to the measurement to get rid of the volatile species and adsorbed water inside the pores
for the accurate measurement. The surface area was calculated using the Brunauer-
Emmett-Teller (BET) calculations using the first five points of the isotherms.

Barrett-Joyner-Halenda (BJH) analysis is used to calculate pore size distribution.

2.7.4 Scanning Electron Microscopy (SEM) Images

FEI Quanta 200 F scanning electron microscope was used to make SEM images
on the aluminum holder. The microscope operates at 15 keV beam energy and at high
vacuum. Thoroughly grounded powder samples were put on the carbon tape on the

aluminum SEM holder. Before the measurement, samples must be purged with dry air
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to avoid contamination of the SEM chamber. The thickness of the film was investigated
using a special vertical SEM holder where silicon wafer piece coated film was placed

at 90 ° angle.

2.7.5 Transmission Electron Microscopy (TEM) Images

FEI Technai G2 F30 microscope at an operating voltage of 200 kV is used to
make high-resolution TEM images of mesopores transition metal oxide samples. The
sample was prepared by diluting the original precursor solution 10 times and at a
minimum spin rate of 500 rpm to make sure that the film obtained as thin as possible.
after calcination, the film is carefully scratched from the glass substrate, thoroughly
grounded using mortar, and diluted in absolute ethanol. The solution with powder in it
was sonicated for at least 1 hour to ensure homogeneous powder dispersion, and after
that, a few drops of the mixture were put on the TEM holder and dried under the

powerful light source.

2.7.6 X-Ray Photoelectron Spectroscopy (XPS)

Thermo Scientific K, photoelectron spectrometer equipped with Al Ka
monochromatic source with the energy of 1486.68 eV at ultra-high vacuum conditions
along with a flood gun for charge neutralization. Spot size is 400 um. the XPS spectra
were measured from the FTO and graphite rod surface by sticking them on XPS holder
with conductive metal ribbon or copper tape. Charge shift was done with reference to
C 1s scan (284.8 eV).

2.7.7 Electrochemistry Measurements

Gamry Instruments, Potentiostats PC14G750, and IFC5000-07565 were used to
perform electrochemistry measurements, like Cyclic voltammetry (CV),
Chrnopotentiometry (CP), Chronoamperometry (CA), Galvanostatic Charge-Discharge
(GCD). All measurements were performed at 1 M KOH electrolyte. Ag/AgCl in 3.5 M
KCI is the reference electrode (RE), Pt wire is a Counter electrode (CE), and the
analyzed material is the working electrode (WE). Cyclic Voltammograms were
recorded between -0.2 to 1 V potential window at 5 and 50 mV/s scan rate. Multistep

Chronopotentiometry (mCP) was measured from 10 to 100 mA/cm? with 10 mA/cm?
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increment. Tafel slopes (At) were obtained from multistep chronoamperometry data
(MCA) at a potential rage from 0.4 to 0.8 V with 0.02 V increment. GCD was measured
at a potential window of 300 mV at current density of 0.1 mA/cm?
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Chapter 3

3 RESULTS AND DISCUSSION

3.1 Mesoporous Nickel Oxide Synthesis and Characterization

In our previous work, the mesoporous nickel oxide (denoted as m-NiO-n-XXX,
where m stands for mesoporous, n is salt/surfactant ratio and XXX annealing
temperature) was synthesized by using MASA method and described earlier [[20]. The
m-NiO samples were characterized using PXRD, surface area analysis via N
adsorption-desorption measurement and Brunauer-Emmett-Teller (BET) calculations,
imaging techniques (such as POM, SEM, and TEM), XPS, and electrochemical
methods. The surface area, pore and pore-wall sizes can be tuned by changing the
calcination/annealing temperature and salt to surfactant ratio. Once, the synthesis
parameters were optimized, its electrochromic and electrocatalytic properties towards
water oxidation were investigated[20]. The CVs, given in Figure 3.1, summarizes the

electrochemical behavior of mesoporous nickel oxide[20].

(ur

Current Density/mA/cm?2

-10 T T T T T T
-0.4 -0.2 0.0 0.2 04 0.6 0.8 1.0

Potential/V vs NHE

Figure 3.1. CV of m-NiO-10-400 (1) 1%, (11) 50" cycles, and (111) 1% cycle after
annealing of (I1).

Oxidation Peak around 0 V is attributed to to NiO oxidation. This assignment is
based on the fact that it appears right after the calcination but disappears upon cycling,

namely after 50 cycles. Moreover, the same oxidation peak reappears again after
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annealing of the same electrode[20]. Another oxidation peak at a more positive
potential is assigned to Ni(OH). oxidation to NiOOH. Notice that the reverse cycling,
NiOOH cannot be reduced back to NiO, rather to Ni(OH)», this can be explained by
peak current density rising with each cycle and disappearing of NiO oxidation peak[20].
To summarize, NiO upon CV cycling, transforms to an active Ni(OH)2 on the NiO
surface and is responsible for the water oxidation. It should be noted that, during the
electrochemical process, color of the nickel oxide thin film changes from transparent
(Ni(OH)z2) to black (NiOOH), indicating the electrochromic properties of the NiO thin

films. The schematics of that transformation is shown in the Figure 3.2[20].
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Figure 3.2. Schematic representation of mesoporous NiO before and after oxidation—
reduction cycles with surface composition. Structure I: NiO surface and surface
species; each color code indicates different species (such as OH, H20O, etc.), structure
I1: NiOOH surface species, black atoms are Ni**, red spheres OH sites and gray O,
and structure 111: Ni(OH)2 surface species, light blue Ni%*, and red OH groups.
Oxygen is coordinated to 6 Ni in NiO and 3 Ni in both NiOOH and Ni(OH). (except
surface oxygens)[20]. Reproduced from Ref. [20] with permission from the Royal
Society of Chemistry.

The NiO to Ni(OH). transformation occurs on the very top surface of the
material. The XRD could not detect the formation of the nickel hydroxide layer,
indicating either it is ultra-thin (a few nm) or amorphous. However, the XPS, being as
a more sensitive surface technique, does provide information regarding this

transformation (see Figure 3.3), as well as the cyclic voltammetry, see Figure 3.1[20].
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Figure 3.3. XPS spectra of the m-NiO (a) before and (b) after CV (1000 cycle).

Figure 3.3 shows the XPS spectra (Ni 2p region) of the m-NiO electrode before
and after cyclic voltammetry experiment (1000 CVs). Before cycling, the peaks,
observed at 854 and 856 eV, are assigned to different Ni(ll) species, namely NiO and
Ni(OH)., respectively. After electrochemical use, the peak around 854 eV loses its
intensity and a new peak appears at 855.7 eV, that can be assigned to Ni(OH)2/NiOOH
species. Note that the nickel oxide peak doesn’t completely disappears, indicating that
only top surface in converted to hydroxide species[20].

The information that has been learned so far about nickel oxide, could be
investigated further to evaluate what type of hydroxide species are forming on top of
the oxide core. In literature, there are several known phases of nickel hydroxide, namely
a-Ni(OH)2 and B-Ni(OH)2[56]. It is assumed that, with electrochemical use, initially
the alpha phase is formed, and it is more active towards water oxidation, as peak
currents are increasing with each cycle (see Figure3 4), however upon further cycling
and in basic media, the peak current decays (Figure 3.5), indicating that alpha phase is
transforming to less active B-Ni(OH),[56] or electrochemical degradation of the
electrode. Previously, it was experimentally determined that upon aging a-Ni(OH)z in
basic media, which is commonly used electrolyte 1M KOH, the phase transforms into
B-Ni(OH)2[20].
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Figure 3.4. Overall change in peak current at around 0.6 V with cycling.

It should be noticed from Figure 3.4 that higher the calcination temperature,
smaller the surface area, and bigger the crystallite size, the transformation of alpha
phase to beta phase is slower, however at the end of the 600 cycles, the most crystalline
electrode shows the highest current density[15]. The purpose of this work is to
understand the kinetics of both a-Ni(OH)2and p-Ni(OH)2 formation and understand the

transformation mechanism by including another transition metal into the structure.

3.2 Characterization of Nickel and Manganese Salts-Surfactant
LLC Mesophases

The freshly prepared solutions are drop-casted on the glass slides and analyzed
by collecting small-angle XRD patterns (Figure 3.5). Total salt to surfactant ratio was
kept 10 to 1, and amount of manganese precursor was varied from 1 to 9 with an

increment of 1 by reducing nickel amount by the same amount.
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Figure 3.5. XRD patterns of Ni:Mn:C12E10 at different Ni to Mn mole ratio

mesophases.
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Figure 3.5 shows the small angle XRD patterns of the #Ni*Mn/1C12E10samples.
Upon drop-casting, they immediately form LLCs over the glass substrate (see the first
diffraction patterns in Figure 3.5). With time, the diffraction line around 1.3°, 26,
becomes more intense and shifts to a higher angle, indicating the evaporation of the
volatile solvent and ordering of the mesophase. Increasing the amount of manganese
salt stabilizes the mesophase, as no obvious diffraction line shift is observed after 30
minutes, however in the nickel salt rich mesophases the change in the diffraction line
is more visible, diffraction line shifts from a smaller angle(~1.2°) to a higher angle
(~1.4°) sharply from 55 to 65 mins. In the case of Nio.1Mngge composition, with aging
a new diffraction line appears at smaller angles, which can be explained by changing
the phase of the LLC.

Initially, the fresh mesophase displays diffraction lines that are visible even at
higher angles, namely 1.34, 1.72, 1.79, 2.02, 2.27, 2.73 and 4.07 °, 20. Those diffraction
lines are indexed to a 3D hexagonal mesophase and correspond to (101), (102), (003),
(110), (103), (104) and (220) planes, respectively. Those indices were obtained from
Equation 3.1 (see Figure 3.6.).

2 2 2
=2 (h Hhictk —) + L Equation 3.1

c2
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Figure 3.6. XRD pattern of Ni:Mn:C12E10 8:2:1 mole ratio mesophase.

For the convenience, as the surfactant ratio does not change, the notation of the
mesophase/oxide is going to be represented by following way, XNiyMn, where x and y
the ratios of Ni and Mn, respectivel

After 1 hour of aging, diffraction lines after 1.5 ° become less visible due to high
intensity of the first line. However, if measurement starts after 1.5 °, the diffraction lines
are visible.

Polarized optical microscope (POM) image of the Ni:Mn (8:2) sample is shown
in Figure 3.7. Freshly spin-coated sample on the glass substrate gives a texture that is
characteristic for the 3D hexagonal mesophase and supports the XRD data. This is well-

known in the literature[40].

2 v *

Figure 3.7. POM images of Ni:Mn (8:2) at (a) 100 and (b) 50 pum magnifications
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With time, the mesophase stars to leach some of the salt out, and salt crystals
appear in the POM image, however the texture is still present. Also, it should be noted
that addition of Mn(I1) salt increases stability of the mesophase. In the case of pure Ni

salt, the crystallization takes around 10 minutes (see Figure 3.8).

Figure 3.8. POM images of Ni:Mn (10:0) mesophase (a) fresh and (b) 10 minutes.

3.3 Structural Characterization of Mesoporous Mixed Oxides (m-
Nil-anxO).

After the LLC characterization, the samples are calcined at 350 °C to obtain the
mixed Ni and Mn oxides, denoted as m-NiixMnxO. The m-NiixMnxO were
characterized using XRD technique, and the particle sizes were calculated using

Scheerer’s equation given below (see Figure 3.9).

D = . Equation 3.2

Where K is a shape factor, A is X-ray wavelength (1.5405 A), p is the fullwidth half
maximum (FWHM) of the diffraction line, and 6 is Bragg’s diffraction angle[131].

The particle size gradually increases moving from high Mn concentration to a
lower one (from 3.3 to 4.5 nm, respectively), indicating that the addition of manganese
makes the product more robust to calcination at 350 °C. It was previously confirmed
that the mesoporous manganese cobaltite resist to particle growth during calcination

compared to mesoporous nickel cobaltite[44].
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Figure 3.9. XRD patterns of (a) (I) NiO, (II) Nio.sMno.1O, (111) NiggMno20, (1V)

Nio.7Mno 30, (V) NiosMno 40, and (b) (VI) NiosMnos0, (V1) Nig.4aMnoeO, (VIII)

Nio.3Mng .70, (1X) Nio.2Mno.gO, (X) Nio.1Mno.9O, (XI) Mn30s4, calcined at 350 °C, *
(101) plane of the Mn304 phase, + (200) plane of the NiO phase.

The diffraction lines on the Ni-rich site can be assigned to rock-salt NiO
structure (PDF Card number — 00-044-1159), however slight shift is observed to a
higher angle when the nickel content is decreased in the sample. Another diffraction
line appears at around 18°, 26, in the case of m-NipsMnosO sample, that might be
assigned to MnO> formation. As shown in Figure 3.14, with increasing Mn amount, the
diffraction lines due to the NiO (111) and (200) planes shift in opposite directions. As
was mentioned, up to Nig4Mno O, all compositions mimic a typical NiO unit cell (PDF
card # - 00-047-1049), while after Nio.4Mno.sO, the diffraction lines can be indexed to
the Mn3O4 unit cell (PDF card # - 00-024-0734). NiMnOs, Mn;O3 phases appear at

higher calcination temperatures (see further discussions).

To understand how the surface area and pore size distribution changes with
addition of manganese to nickel oxide, the surface analysis has been performed. N2
adsorption-desorption isotherms and pore size distribution plots of m-NixMnyO

samples are shown in Figure 3.10.
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Figure 3.10. N2(77 K) adsorption-desorption isotherms and pore size distribution
plots (obtained from desorption branches) of the mesoporous Ni and Mn mixed
oxides, calcined at 350 °C.

All isotherms are type IV and characteristic for the mesoporous materials[132].
The pore size distribution plots show that the NiosMnosO and Nio.sMnosO show the
most uniform pore size distribution, with an average pore size of 3.4 nm, while the least
uniform oxides are the Mn-rich oxides. From the pore size distribution plot, one can
conclude that with increasing the Mn content, the pores get less uniform and the surface
area decreases, see Table 3.1.

The average pore size decreases gradually moving from high Mn content oxide
to pure NiO, so is the pore volume (see Table 3.1). The surface area follows the same
trend and constituted a 191 m?/g and 164 m?g for the NiosMnosO and pure NiO,
respectively. In the Mn rich site, the BET surface area drops from 196 to 38 m?/g in the
Nio.4Mno 6O to pure MnO samples, respectively. The pore size follows the surface area,
and it is 3.4 nm in the Nio4sMnosO and 8.9 nm in the MnzO4 sample. However, it does

not follow any trend in the Ni-rich side, as the Nio.2MnogO shows the highest surface
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area of 201 m?/g, and Nio.1Mno.sO shows the highest pore volume and pore size of 0.511

cm?®g and 17.6 nm, respectively.

Table 3.1. N2(77 K) adsorption-desorption analysis data of NijxMnxO-350, Spei® is
BET surface area, Vp° is BJH pore volume, and Dy° is BJH pore size.

X of Ni1.xMn,O Sger? Ve (cm3/g) De*
Samples (m*/g) (nm)
0 164 0.175 4.1
0.1 211 0.292 4.7
0.2 192 0.171 2.8
0.3 167 0.247 5.5
0.4 193 30.317 6.0
0.5 195 0.341 5.1
0.6 196 0.191 3.4
0.7 131 0.168 3.6
0.8 201 0.278 3.7
0.9 78 0.511 17.6
1.0 38 0.117 8.9

As previously mentioned, at 350 °C, the nickel manganese oxides form a
homogeneous mixture; there is no phase separation. To understand at which
temperature the phase separation occurs or which phase forms at elevated temperatures,
a temperature dependent analysis has been performed by recording their powder XRD
patterns (see Figure 3.11 and 3.12 for all compositions, both Ni-rich and Mn-rich
samples).
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Figure 3.11. Temperature-dependent XRD patterns from 350 °C to 500 °C of (a)
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Figure 3.12. Temperature-dependent XRD patterns from 3500C to 500 0C, #
diffraction line of Mn304, * diffraction lines of NiO, (a) Nig.sMno 50, (b)
Ni0A4MI‘10,6O, (C) Ni0,3Mn0,70, (d) Nip.2Mno 30, (e) Nio.1Mng 9O and (f) Mn;30s4.
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In the figures above, the diffraction patterns of all compositions, calcined at 350,
400, 450, and 500 °C are given. It is shown in Figure 3.12 that for the Nio9Mno 10,
Nio.sMno.20, Nio.7Mno30, and Nio.sMno4O compositions, no visible phase separation
occurs up to 500 °C. The structure remains the same and mimics the cubic NiO unit cell
(PFD card # - 00-047-1049), except a diffraction line at 18.3°, 20, that belong to (101)
plane of Mn304 phase; it becomes more visible at 500 °C, in all above compositions.
Once the amount of Mn is increased (NiosMnosO and Nio4MnosO) a clear phase
separation is observed at 500 °C. However, the patterns cannot be indexed to any phase
of manganese oxide, but rather to NiMnOs phase. This phase of nickel manganese oxide
is phase separating from the rest, leaving NiO phase that might contain manganese
oxide phase as well. Once, the amount of manganese is increased further (see Figure
3.12), at elevated temperatures, the new diffraction lines along with the NiMnOg3 phase
appear and gets sharper once the amount of manganese is further increased. The new
diffraction lines belong to Mn.Os, which is the phase of manganese oxide commonly
observed at high temperatures (PDF card # - 00-041-1442). As already mentioned
before, at lower temperatures, the Mn3O4 phase usually forms and remains up at 500 °C
in the Mn-rich oxides. As for the pure manganese oxide, a smooth transition is observed

from the Mn304 to Mn2O3 phase during annealing from 300 to 500 °C. .

The SEM images of the selected samples calcined at 350 and 500 °C are shown
in Figures 3.13 and 3.14. The SEM images of all compositions display uniform film
morphology. At high temperatures, the samples display large pores with crystalline pore
walls. This is in good agreement with surface area analysis and powder XRD
diffraction data. The manganese-rich samples show high crystallinity and separate
particles. In the Ni-rich samples, at low calcination temperatures, pores are barely
visible due to low crystallinity and small pore-size. In the Nig.sMno20 sample, calcined
at 500 °C, along with film formation separate particles are also observed. This may
indicate a phase separation at high temperatures and is also in good agreement with the
XRD data.
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Figure 3.13. SEM images of NioMn10, Nio.1Mno.9O and NiogMno .20, calcined at 350
°C, from top to bottom with a higher magnification on the right column.
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Ni, sMn, , 500 °C

Figure 3.14. SEM images of Nio.1Mno.sO, Nio.2MnogO, and Nio.sMno .20, calcined at
500 °C, from top to bottom with a higher magnification on the right column.

3.4 Electrochemical Characterization of Mesoporous Nickel and

Manganese Mixed Oxides

The electrodes for electrochemical characterization were prepared by spin-
coating (at 2000 rpm for 10 s) of the precursor solution on top of FTO substrates

followed by calcination starting from 250 °C up to 350 °C for 1 hour at each
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temperature. Each electrode was used in cyclic voltammetry experiment in 1M KOH

electrolyte using three electrode system (see the experimental section).

The electrodes were cycled 120 times, to show how the manganese content in

nickel oxide changes the electrochemical behavior of electrode over cycling (see Figure
3.15).
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Figure 3.15. CVs of Ni and Mn mixed oxides electrodes, calcined at 350 °C
(manganese content dependent), m-NiosMnos0, m-NigsMng.4O, m-Nio.7Mng 30, m-
Nio.sMno.20, m-NipoMng.10, and m-NiO.

As shown in Figure 3.15, with increasing Mn concentration, the stability of the
electrode also increases. The conversion of the top surface from NiO to Ni(OH)2 slows
down with increasing Mn in the electrodes, while in the case of pure NiO sample

conversion is quite drastic, as also was previously confirmed[133].
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Figure 3.16. Oxidation Peak Current density vs time plots of the Ni1xMnxO
electrodes.

The plots of oxidation peak current density versus time are shown in Figure
3.16. From the plots, it is obvious that the electrode with lowest Mn ratio reaches to a
plateau very quickly, compared to high ratio Mn samples, this might lead to a discussion
about kinetics of NiO to Ni(OH). conversion. As was previously mentioned, there are
two phases of nickel hydroxide, a-Ni(OH)2 and B-Ni(OH)2. The alpha phase is more
active towards water oxidation as it has higher surface coverage, however in the basic
media, as was also previously discussed, the alpha phase transforms to the beta phase,
that has less surface coverage and accordingly less active. Therefore, when the peak
current rises with time and reaches a plateau, it means that o-Ni(OH). fully formed,
however if current density declines with time, it might mean that the alpha phase is
transforming into the B-Ni(OH)2 phase. However, from the plot above, it is not clear
whether the beta phase is forming, as more data points are needed (120 CVs is not
enough) to make reasonable discussion. For this reason, two extremes, NiosMngsO and
Ni1MnoO, were chosen and cycled up to 600 CVs, and oxidation peak current density
versus number of cycles was plotted, and shown in Figure 3.17, similarly to Figure
3.16.
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Figure 3.17. Cyclic Voltammograms (600 CVs) of (a) m-NiosMnos0 and (b) m-NiO
electrodes, (c) the overall change in peak current around 0.6 V over cycling of m-
Nio.sMnos0 and m-NiO calcined at 350 °C.

It should be noticed from Figure 3.17, that the m-NiosMnos0 electrode shows
stability up to 600 cycles, while the pure m-NiO sample changes over time. From the
shape of the curves (Figure 3.17 (c)), it is clear that the formation of least active p-
Ni(OH). phase is likely postponed and not observed in the case of manganese rich
oxide. More cycles are needed to make relevant comparisons. However, in the case of
pure m-NiO electrode, it reaches maximum capacity very quickly, and maximum
current density of 11 mA/cm? was reached at around 150" CV, then it slowly decays
showing that active alpha hydroxide phase is converting into a beta one, which has less
surface coverage. Though initially m-NiosMnosO did not possess a high capacity, at
the end of 600 cycles, the electrode remains stable and more capacitive compared to
the m-Ni1MnoO electrode.

It is assumed that the NiO/Ni(OH). transformation is occurring on the very top
surface of the nickel oxide core, the XPS data has been collected for the electrodes
before and after 120 CVs, and the data is shown in Figure 3.18.
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Figure 3.18. XPS spectra (Ni 2p) of the Ni;-xMnxO electrodes before and after 120
CVs. (black — before, red — after CVs), annealed at 350 °C.

It is clear from the above spectra ofthe samples with low Mn and pure NiO

electrodes, before the electro-catalytic use the spectra display Ni 2p peaks at 854 and

856 eV. Those peaks are assigned to different NiO species, however, after CVs, a new

peak appears at 855.7 eV with a higher intensity, so it could be assigned to

Ni(OH)2/NiOOH surface species, but the peak at 854 eV does not completely disappear,

meaning that NiO still remains and only very top surface is converted into nickel

hydroxide[134]. The situation is slightly different in the case of high Mn content

electrodes, as no obvious change occurs on the surface, meaning that Mn brings stability

to the NiO electrode. This data also supports the electrochemical data, where the change

in the peak current is slower in the case of m-NiosMnosO electrode, compared to the

pure NiO electrode.
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Figure 3.19. O 1s XPS spectra of the m-Ni1.xMnxO samples (a) fresh electrodes and
(b) after 120 CVs.

However, the XPS spectra from O 1s region, brings us more information
regarding the changes on the electrode surface, see Figure 3.19. The lower energy peaks
belong to lattice oxygens of NiO/MnO, while the higher energy peaks are due to the
hydroxide, aqua, and oxyhydroxide species. Before electrocatalytic use, in all
compositions the surface is dominated by oxide species. After catalytic use, in the case
of pure m-NiO and low Mn content electrodes, the surface becomes more dominant by
hydroxide and oxyhydroxide species, indicating the formation of NiOOH and Ni(OH):
at the end of the cycling experiment. However, in the Mn-rich electrodes, the higher
energy peak is not as intense as in the pure m-NiO, indicating that the formation of
hydroxide surface is hindered, meaning that Mn brings stability to the nickel manganese

oxide electrodes, which is in good agreement with electrochemical data.
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Figure 3.20. Mn 2p XPS spectra of the m-Ni1.xMnxO electrodes, calcined at 350 °C
(@) NiosMnos0O, (b) Nio.7Mno30, (€) Nio.sMno.20 and (a) Nio.sMno.1O before (black)
and after (red) 120 CVs.

Furthermore, the Mn 2p region is collected to look at the electrodes from the
Mn side. Intensity of the Mn 2p peaks decrease after electrochemical tests. The decrease
in the peak intensity enhances with increasing manganese in the m-Ni;xMnxO
electrodes, see Figure 3.20. Higher the amount of nickel in the nickel manganese oxide
mixture, the broader the Mn 2p spectra look. This can be due to different manganese
phases formed with nickel (see XRD patterns above). The 3s region is also checked for
more information regarding the transformation on the surface of the electrode (see
latter)[135], [136].

The potential window dependence measurements have also been performed to
make relevant assumptions about the NiO/Ni(OH)2 transformation, see Figure 3.21.
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Figure 3.21. Potential window dependent CVs (a) -0.4to 1.4 V, (b) -0.35t0 0.85 V,
(c) 0to0 0.77 and (d) current density versus number of cycle plot of the Nig.7Mng 30
electrodes.

As shown in Figure 3.21, each electrode has been used up to 120 cycles at
different potential windows. From the peak current density versus number of cycles
(that was converted into time) plot, it is clear that at a broader potential window, when
cycles go up to water oxidation potentials, the formation of hydroxide surface species
enhances and speeds up. The kinetics of transforming NiO into Ni(OH)2 is way slower

in the narrow potential window compared to the wide potential window.
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Figure 3.22. Scan rate dependent CVs of m-Nio.7Mno 30 electrode, calcined at 350 °C.

Scan rate dependent CVs were also collected using freshly prepared m-
Nio.7Mno 30 electrode (see Figure 3.24). As the electrode was freshly prepared, and with
every scan the peak current changes, this analysis may not give accurate data for the
mechanism of the redox process. The scan rate analysis is useful when electrode
reaches stability in terms of the current density. Later, the same test will be performed
using the stabilized electrodes.

For further discussion, it would be wise to explain the purpose of mixing two
different oxides together for better electrocatalytic performance. The pure manganese

oxide tens to undergo disproportionation reaction (DR) during the electrochemical

50



process while the NiO loses its electrocatalytic activity in long OER, as shown in Figure
3.23.
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