UNIVERSIDADE ESTADUAL DE CAMPINAS
INSTITUTO DE QUIMICA

RAFAEL LAVAGNOLLI GERMSCHEIDT

WATER OXIDATION PERFORMANCE ENHANCED BY
ELECTROCHEMICALLY DESIGNED VACANCIES ON PRUSSIAN BLUE
ANALOGUES BASED CATALYSTS

MELHORA DA PERFORMANCE DA REACAO DE OXIDACAO DA AGUA
PELO DESIGN DE VACANCIAS FORMADAS ELETROQUIMICAMENTE EM
CATALISADORES A BASE DE ANALOGOS DO AZUL DA PRUSSIA

CAMPINAS
2023



RAFAEL LAVAGNOLLI GERMSCHEIDT

WATER OXIDATION PERFORMANCE ENHANCED BY
ELECTROCHEMICALLY DESIGNED VACANCIES ON PRUSSIAN BLUE
ANALOGUES BASED CATALYSTS

MELHORA DA PERFORMANCE DA REACAO DE OXIDACAO DA AGUA
PELO DESIGN DE VACANCIAS FORMADAS ELETROQUIMICAMENTE EM
CATALISADORES A BASE DE ANALOGOS DO AZUL DA PRUSSIA

Tese de Doutorado apresentada ao Instituto de Quimica
da Universidade Estadual de Campinas como parte dos
requisitos exigidos para a obtenc¢éo do titulo de Doutor em

Ciéncias.

Doctor’s Thesis presented to the Institute of Chemistry of
the University of Campinas as part of the requirements to

obtain the title of Doctor in Sciences.

Supervisor: Dr. Juliano Alves Bonacin
Co-supervisor: Dr. Tulio Costa Rizuti da Rocha

O arquivo digital corresponde a verséao final da Tese defendida pelo aluno
Rafael Lavagnolli Germscheidt e orientada pelo Prof. Dr. Juliano Alves

Bonacin.

CAMPINAS
2023



Ficha catalografica
Universidade Estadual de Campinas
Biblioteca do Instituto de Quimica
Simone Luiz Alves - CRB 8/9094

Germscheidt, Rafael Lavagnolli, 1997-

G318w Water oxidation performance enhanced by electrochemically designed
vacancies on Prussian blue analogues-based catalysts / Rafael Lavagnolli
Germscheidt. — Campinas, SP : [s.n.], 2023.

Orientador: Juliano Alves Bonacin.

Coorientador: Tulio Costa Rizuti da Rocha.

Tese (doutorado) — Universidade Estadual de Campinas, Instituto de
Quimica.

1. Eletroquimica. 2. Catélise. 3. Azul da Prussia. 4. Defeitos estruturais. 5.
Espectroscopia de raio X. |. Bonacin, Juliano Alves, 1980-. Il. Rocha, Tulio
Costa Rizuti da, 1979-. lll. Universidade Estadual de Campinas. Instituto de
Quimica. IV. Titulo.

Informacdes Complementares

Titulo em outro idioma: Melhora da performance da reacdo de oxidacdo da agua pelo
design de vacancias formadas eletroquimicamente em catalisadores a base de analogos do
azul da Prussia

Palavras-chave em inglés:

Electrochemistry

Catalysis

Prussian blue

Structural defects

X-ray spectroscopy

Area de concentragdo: Quimica Inorganica

Titulagcd@o: Doutor em Ciéncias

Banca examinadora:

Juliano Alves Bonacin [Orientador]

Kalil Cristhian Figueiredo Toledo

Raphael Nagao de Sousa

Paulo Cesar de Sousa Filho

Caterina Gruenwaldt Cunha Marques Netto

Data de defesa: 11-09-2023

Programa de P6s-Graduacédo: Quimica

Identificagdo e informagdes académicas do(a) aluno(a)
- ORCID do autor: https://orcid.org/0000-0001-6328-8249
- Curriculo Lattes do autor: http://lattes.cnpq.br/3262605160950586


http://www.tcpdf.org

BANCA EXAMINADORA

Prof. Dr. Juliano Alves Bonacin (Orientador)

Dr. Kalil Cristhian Figueiredo Toledo (Universidade de Séao Paulo)

Prof. Dr. Raphael Nagao de Sousa (IQ/UNICAMP)

Prof. Dr. Paulo Cesar de Sousa Filho (IQ/UNICAMP)

Dra. Caterina Gruenwaldt Cunha Marques Netto (Universidade Federal de Sao Carlos)

A Ata da defesa assinada pelos membros da Comissdo Examinadora, consta no

SIGA/Sistema de Fluxo de Dissertacado/Tese e na Secretaria do Programa da Unidade.

Este exemplar corresponde a redacao
final da Tese de Doutorado defendida
pelo aluno Rafael Lavagnolli
Germscheidt, aprovada pela Comisséo

Julgadora em 11 de setembro de 2023.



“We’re all stories in the end.

Just make it a good one, eh?”

Doctor Who — S05E13 (2010)
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Resumo

A busca por fontes limpas, renovaveis e ecoldgicas de hidrogénio fizeram com que a agua
fosse uma excelente candidata para ser utilizada como matéria prima na producédo de hidrogénio.
A producdo de hidrogénio verde a partir da agua é feita através de um sistema conhecido como
Water Splitting (WS) e é limitado pelo processo anddico, denominado reacdo de evolucdo de
oxigénio, sendo necessario a utilizagdo de um catalisador para que a reacdo seja eficiente. O Azul
da Prussia € um material inorgénico de valéncia mista em uma estrutura cubica tridimensional
formado por Fe(ll) ligado a Fe(lll) atraves de pontes de cianeto. Além disso, o ferro pode ser
substituido por outros metais de transicdo e uma estrutura andloga € obtida, conhecida como
Anélogos ao Azul da Prussia. Esses analogos sdo representados por M1 [M2(CN)s](y), onde M2 €
um hexacianometalato desempenhando uma funcéo estrutural e pode modular efeitos de doador-
receptor do outro metal. Enquanto isso, M1 € um metal da primeira série de transigdo e esta
coordenado ao N, dando origem a essa estrutura ctbica 3D. Devido as suas 6timas propriedade
eletroquimicas, eles representam uma Otima alternativa como catalisadores baseados em metais
abundantes para reacdo de evolucdo de oxigénio, tendo uma Otima performance, atividade e
estabilidade operando em condicdes brandas de pH. Entretanto, apesar de terem alta estabilidade e
atividade, o principal desafio é a baixa concentracdo de sitios ativos, dessa maneira, uma
engenharia da estrutura e defeitos é essencial para se obter uma alta concentracdo de sitios ativos
nesse material.

Nessa tese, 0 mecanismo da oxidacdo eletroquimica da &gua utilizando catalisadores a base
de analogos de azul da Prussia é investigado, além disso, sdo propostas algumas estratégias para
melhorar sua atividade. Portanto, eu reporto o pré-tratamento fotoquimico para a quantificacdo de
ferro total em filmes heterogéneos de materiais baseados em ferro. A abordagem fotoquimica foi
usada para garantir uma dissociacdo completa dos ions de ferro antes da quantificacdo. Alem disso,
uma metodologia alternativa para a sintese do azul da Prussia foi proposta, consistindo na aplicacéo
de um alto potencial ao eletrodo em uma solugdo contendo [Fe(CN)s]*, que foi entdo oxidado junto
com alguns grupos cianeto, obtendo um catalisador com vacéncias geradas eletroquimicamente e
entdo, teve sua atividade durante a reacdo de evolucdo de oxigénio estudada, apresentando uma
Otima performance. Ademais, essa metodologia foi utilizada para criar defeitos de cianeto em um

analogo do azul da Prussia formado por CoFe, nos permitindo entender o papel desses defeitos na



melhora da atividade desses catalisadores durante a reacdo de oxidagdo da agua. Por fim, uso de
espectroscopia de raio-X mole realizada em uma fonte de luz sincrotron foi utilizada para

identificar a composicédo e a natureza desses defeitos.



Abstract

The search for clean, renewable, and environmentally friendly hydrogen sources has made
water an excellent feedstock candidate to produce hydrogen. The production of green Hz from water
occurs by a system known as Water Splitting (WS), which is limited by the anodic process, called
Oxygen Evolution Reaction (OER), thus, it requires a catalyst to be effective. Prussian Blue (PB)
is an inorganic material of mixed valence in a tridimensional framework formed by Fe(ll) bound
to Fe(l1l) through a cyanide bridge. Moreover, the iron can be substituted by some other transition
metals and an analogue structure known as Prussian blue analogues (PBA) can be obtained. PBAs
are represented by M1x)[M2(CN)e](y), where Mz is an hexacyanometalate that plays a structural role
and it can modulate the donor-acceptor effect to the other metal and My a first-row transition metal
and it is coordinated to the N atoms forming a 3D network. Due to their outstanding electrochemical
properties, it represents a great alternative as an Earth-abundant catalyst for OER, presenting great
performance, activity, and stability under mild conditions. Nonetheless, despite their high stability
and activity, the main shortcoming is their low concentration of active sites, thus, engineering the
structure and defects is essential to lead to a high concentration of active sites.

In this thesis, the electrochemical mechanisms of water oxidation using catalysts based on
Prussian Blue analogues is investigated, moreover, strategies to enhance their activity are proposed.
Thus, | report a photochemical pre-treatment for the quantification of the total iron from
heterogeneous thin films composed of iron-based materials. The photochemical approach is used
to ensure a full dissociation of iron ions before the quantification. Furthermore, an alternative
methodology to synthesize the Prussian blue was proposed, by applying a high and constant
potential to the electrode in a solution containing [Fe(CN)e]* that is oxidized along with some
cyanide groups, obtaining a catalyst with electrochemically formed vacancies and have its
performance towards WOR studied, presenting an outstanding activity. Furthermore, the same
methodology was applied to create these cyanide vacancies on a CoFe Prussian blue analogue
catalyst, allowing the understanding of the role of these vacancies on the enhancement of these
catalysts’ performance towards OER. Finally, synchrotron-based soft X-ray spectroscopy was
used to probe the composition and the nature of these defects.
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Overview

This thesis consists of five chapters described as follows:

Chapter | is an adaptation of the two published articles, with provided copyright
permissions!? and introduces the general research background, presenting the main problem and
questions aimed to be answered. An overview on the production of green hydrogen and the water
splitting process is presented, followed by a description of Prussian Blue analogues as great
alternatives as water oxidation reaction catalysts. At last, the main objectives of this thesis are
presented.

Chapter 1l is an adaptation of the article entitled ‘“Photochemical Pre-Treatment to
Quantify Iron in Thin Films™3, with provided copyright permissions, and it presents how important
is a photochemical pre-treatment for the quantification of the total iron from heterogeneous thin
films composed of iron-based materials. The photochemical approach is used to ensure a full
dissociation of iron ions before the quantification. This method is revealed to be highly effective
and precise, having a wide range of applications for different iron-based catalysts.

Chapter 111 is an adaptation of the article entitled “Water oxidation performance enhanced
by electrochemically designed vacancies on Prussian blue catalyst”, with provided copyright
permissions, and it presents an alternative methodology to synthesize the Prussian blue, obtaining
a catalyst with vacancies created by an electrochemical method. This catalyst showed an
outstanding activity, with an onset overpotential of 361 mV. Using pyridine as a molecular probe,
we identified the presence of vacant Fe?* sites, and the quantification of these sites allowed us to
estimate a TOF number of 0.2170 s for the water oxidation reaction. These results indicate that
defect engineering is a versatile strategy to boost the catalytic activity in Prussian blue analogues
by increasing the number of active sites.

Chapter 1V is an adaptation of the manuscript under preparation for publication entitled
“Electrochemical designed cyanide vacancies influence on CoFePBA-based catalysts boosted
performance during the Oxygen Evolution reaction under mild conditions” and it presents the
creation of electrochemically formed cyanide vacancies in a CoFe Prussian blue analogue. The
results shows that the material activation can improve the oxygen evolution in 35% in an
overpotential of 400mV. Furthermore, the presence of vacancies is reported to improve the number

of vacant Co?* sites and spectroscopic studies show evidence of changes in the ligand-field
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structure. Finally, synchrotron based soft X-ray spectroscopy provides evidence that the creation
of vacancies can modulate the metallic sites oxidation states. These results open a great opportunity
to study other PBA with those electrochemically formed vacancies, expecting outstanding
activities towards the water oxidation reaction.

Chapter 1V sums-up all the main conclusions for each chapter and presents the
perspectives for future research.

R. L. Germscheidt, Ph.D. thesis
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Chapter |
Introduction and Objectives

The content of Chapter | is an adaptation of the two published articles.

The first one entitled “Hydrogen Environmental Benefits Depend on the Way of
Production: An Overview of the Main Processes Production and Challenges by 2050 by Rafael L.
Germscheidt, Daniel E. B. Moreira, Rafael G. Yoshimura, Nathalia P. Gasbarro, Evandro Datti,
Pamyla L. dos Santos and Juliano A. Bonacin reprinted with permission from Advanced Energy
and Sustainability Research, Copyright © 2021 Wiley-VCH GmbH, Appendix B. Reference: Adv.
Energy and Sustainability Res. 2021, 2 (10), 2100093. DOI: 10.1002/aesr.202100093.

The second entitled “Is Hydrogen Indispensable for a Sustainable World? A Review of H2
Applications and Perspectives for the Next Years” by Theodora W. Von Zuben, Daniel E. B.
Moreira, Rafael L. Germscheidt, Rafael G. Yoshimura, a Daniel S. Dorretto, Ana B. S. de Araujo,
Airton G. Salles Jr., and Juliano A. Bonacin. reprinted with permission from Journal of the
Brazilian Chemical Society, Copyright ©2023 Sociedade Brasileira de Quimica, Appendix C and
D. Reference: J. Braz. Chem. Soc. 33 (8) « 2022. DOI: 10.21577/0103-5053.20220026.
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1.1.  Hydrogen environmental benefits depend on the way of production

Hydrogen is the smallest and the lightest element in the periodic table (atomic ratio 53 pm
and atomic mass 1.008), and surprisingly it is the most abundant element in the whole universe. It
is the 10th most abundant element on Earth (0.14%)° and it can be found in our atmosphere (0.6
ppm)°®, in water, in organic molecules or other chemical compounds. In the same way, hydrogen
can be found in large quantities in the sun.”® Hydrogen represents 73.4% of the sun’s mass, being
responsible for 85% of its energy, that comes from hydrogen atoms fusion, forming helium and
releasing a huge amount of energy, approximately 1034 J/Year.°

The first report of molecular hydrogen is dated at the beginning of the 16" century when a
gas was identified as a product of the reaction between sulfuric acid and iron. This gas was first
identified as a unique substance by Henry Cavendish in 1776, however, it was only named in 1788
by Antoine Lavoisier, that named the substance from the Greek roots “hydro” (water) and “genes”
(creator). Since then, H> has been extensively studied and used for a wide range of applications, as
presented in Figure 1.2

Hydrogen Applications
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Figure 1. An overview of the applications of hydrogen.

Hydrogen is very important in the petrochemical industry, where it has a wide range of
industrial applications, including hydrocracking (hydrogenation to produce refined fuels with
smaller molecules and higher H/C ratios) and hydroprocessing (hydrogenation of sulfur and
nitrogen compounds to further remove them as H>S and NHz) for the purification of petroleum and

fuels. Besides that, hydrogen is essential in the base industry especially through the synthesis of
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ammonia from the direct reaction with N2 at high temperatures and pressure in the well-known
Haber-Bosch Process.!! It is worth mentioning that that 85% of the overall global ammonia
production is converted into synthetic fertilizer, responsible for supporting the global food
production, thus, if the ammonia production faces problems with feedstock costs (H), this could
bring changes and challenges for the whole economy and food market. Hydrogenation can also be
applied to decrease the degree of unsaturation in fats and oils and on some fine chemical synthesis.
Hydrogen can also be used in the electronics industry as a protective and carrier gas, in deposition
processes, for cleaning, in etching and in reduction processes. Another example is its use in the
metallurgic industry in the reduction stages and also in the direct reduction of iron ore, which
involves the separation of oxygen from the iron ore using hydrogen and synthesis gas (syngas). A
strategic application of the H; is to consider it as a fuel,* being able to be applicable for direct
combustion, by itself or in some blends with natural gas; and also in Fuel Cells (FCs), where it can
provide a reliable and efficient energy power, that can be used in stationary power stations and also
as a good candidate for transportation vehicles. %1215 Although it has a lot of applications,
according to a sense from 2018, 51.70% of total H, worldwide is used for refining, 42.62% is
used for ammonia production and only 5.68% is used for other applications, including its use as a
clean and renewable fuel. Furthermore, the demand for hydrogen has been reported to have
increased in the past few years and is expected to continue increasing in the next few years or
decades as the world searches for more sustainable solutions.'2

Hydrogen has been drawing a lot of international interest, and the amount of countries that
directly support investment in hydrogen technologies is increasing. Since the Sustainable
Development Goals were adopted in 2015, governments have invested to reach the goals.>?2° In
2019, the number of targets, mandates and policy incentives was around 50 actions, several policies
that directly support the hydrogen application had been made, by countries of G20 and the
European Union.®

As presented in Figure 2, in the last decades, the demand for hydrogen has been growing
and will keep the pace until 2050.2 Particularly in the Latin America, it is expected an increase of
67% in the hydrogen demand until 2030, to apply in the sector of iron, steel, ammonia, cement and

methanol production, refining and transport.?’
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Figure 2. The chart describing the global demand for pure hydrogen (1990-2018) and the change in hydrogen demand
in Latin America (2019-2030).16:17:18.19

Nonetheless, hydrogen environmental benefits depend on the way of production, which is
determined by the Hydrogen Production Pathway (HPP). Therefore, the study and understanding
of every HPP are essential for the development and advance of the so-called “hydrogen economy”,
mainly focused on the use of green hydrogen. During the analysis of HPP a few primary challenges
must be conquered, such as the choice of the feedstock — (fossil fuel or water), the energy source
needed to extract hydrogen from the feedstock and the catalyst that is needed to overcome some
kinetic and thermodynamic limitations that are present regardless of the process.®?%? A meticulous
study on how to overcome these challenges can help with the development of an efficient and
economical viable green HPP, which can contribute to a more sustainable future.

The level of cleanliness of the energy produced from hydrogen is related to the amount of
greenhouse gases eliminated during the Hz production. Furthermore, the sustainability of all energy
chain also depends on the energetic input, the type of raw material, the design of the industrial
process, and CO, emissions.?>22An interesting approach for classifying carbon emission during
hydrogen production is the use of color labels. The color codes of the hydrogen production process
might be the statement of sustainability from the suppliers to the consumers. This strategy allows

a fast indication of the kind of hydrogen (in terms of carbon emission) you or a company are buying.
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Therefore, it is expected an environmental responsibility and greater competitiveness from H>
suppliers by sustainable products.?4%

The first proposed model for the H> classification is based on three colors, according to the
CO2 emission, as can be seen in Figure 3. Grey Hz is produced through the steam reforming process
and uses fossil fuels as raw material. In addition, there is no restriction to carbon emission, and it
is considered “dirty” hydrogen. The process to produce Blue Hz is like the grey one, however, the
produced carbon is capture and stored, decreasing the CO emissions. Other the other hand, green
hydrogen is considered renewable hydrogen due to the use of water as a source of Hz and renewable
energy in the electrolytic process (water splitting process) what fits with the zero-emission carbon
approach. Figure 3 presents a comparative scheme of these three processes.?22425

Dirty H,

o © o
Fossil Fuels
CO, is captured and stored

Clean H,

Figure 3. Scheme of three colors to classify the hydrogen production according to the carbon emission.

The H: chain is plural and complex and because of this, new color codes were added to
improve the description of the cleanliness level of the hydrogen production. Based on this concept,
a complete color codes table can be found in Figure 4.

The brown hydrogen (black hydrogen can be a synonym) is produced from coal in the
gasification process, which generates large amounts of CO2 and high environmental impact, even
though the low cost of produced H: is hard to achieve. Gray and blue hydrogen were described
before. Like the brown, blue, and gray hydrogen, turquoise hydrogen is also produced from fossil
fuels, but the methane pyrolysis at high temperature allows the carbon elimination in solid form

what reduces the CO, emission. The key point of this strategy is the source of energy that is used.
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In other words, if the input energy is renewable, the process would be clean. Thus, it can have a

lower environmental impact (Figure 4).

Color Code Co, Environmental Cleanliness
Emission Impact Level of the H,

Coal —» H, Gasification process, syngas,
T=700°C. CO, emitted directly

Natural gas (CH,;) —» H;; Steam Reforming. Most
common process

Fossil Fuels

EIEI.

Natural gas (CH,;) —» H,; Steam reforming with
capture and store of CO,

Natural gas (CH;) —» H,; Methane pyrolysis with
production of solid carbon

H, production from water electrolysis through
nuclear energy

H, production from water electrolysis through
mixture of sources (FF and RE)

Electrolysis

H, production from water electrolysis through
renewables sources

Natural occurrence, rare on Earth. H; is found in
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Figure 4. Color codes of hydrogen. Complete comparison among the processes according to the CO2 emission,
environmental impact, and cleanliness of the hydrogen produced; FF= fossil fuels and RE=renewable energy

Pink, yellow, and green hydrogen are produced from the electrolysis process (water
splitting) and they use water as raw material. However, the final environmental impact depends
also on the input energy. Pink hydrogen is obtained from the electrolysis process powered by
nuclear energy and yellow uses the same strategy, but the H> is produced using the input of mixed
origin (fossil fuel and renewable). Green hydrogen is produced by the cleanest process, where the
water electrolysis is driven exclusively by renewable energy.?? White color, for example, is used
only to classify the H> from natural origin, and due to the rare occurrence on the Earth, there is no
commercial interest.?® This was the first proposal for the Hz-white. However, some authors have
considered white hydrogen as a product of thermochemical water splitting produced by
concentrated solar energy.?” In addition, the company Recupera?® has defined white hydrogen as

H> produced from plastic, biomass, or garbage. The definition of white hydrogen is still opened.
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In summary, the goal is to choose a HPP with a zero CO2 emission, a low environmental
impact, and a high cleanliness level of H>. Thus, green hydrogen is produced by the cleanest
process, where the water electrolysis is driven exclusively by renewable energy.??> The challenge
for incorporation of the green hydrogen in the hydrogen chain is the cost, since the price of
sustainable hydrogen is approximately four times higher than those produced from the fossil fuels

process. 202

1.2.  Green Hydrogen

The search for clean, renewable and environmentally friendly hydrogen sources has made
water an excellent feedstock candidate to produce hydrogen.3%3! The production of clean H from
water occurs by a system known as Water Splitting (WS), which in its simplest form uses an
electrical current passing through 2 electrodes to complete the endergonic hydrolysis of water into
hydrogen and oxygen. The overall process consists of two half reactions, in which the anodic
process is called Oxygen Evolution Reaction (OER), where the Water Oxidation Reaction (WOR)
takes place, and the cathodic process is known as Hydrogen Evolution Reaction (HER), where the

hydrogen gas is produced, as it can be seen in the following reactions.3?-%

Anodic Process: 2H,0(y — 03 (qq) + 4H(J;q) + 4e” Vino = 1.23V vs.RHE (8)
Cathodic Process: 4 H(J;q) + 4de” —> 2H;y Vear = 0.00V vs.RHE (9)

Global Process: 2H,0¢y — 02 (aq) + 2 Hz (g) Veq 1.23V vs.RHE  (10)

The great limitation for hydrogen production through this process resides in the anodic
reaction, where the oxygen evolution (water oxidation) takes place, which is the most energy-
intensive and kinetically slow step in the overall water splitting process. The water oxidation
process to oxygen implicates a complex electronic transfer involving 4 electrons and 4 protons.3®
Therefore, the water splitting is either kinetic and thermodynamic unfavorable, and in ideal
conditions, a potential of 1.23V (Vequilibrium) Must be applied to the system to start the process. In

addition, efficient and stable catalysts are required to decrease the overpotential of the reaction

R. L. Germscheidt, Ph.D. thesis



Chapter I. Introduction and Objectives 27

and an external energy source, such as electricity (electrolysis) or solar (photo-catalysis) must be
used.3"%8

The system where electrolysis of water takes place is known as electrolyzer, which basically
consists of a cathode and an anode separated by a membrane immersed in an electrolyte. So far,
three main electrolysis cells are used and studied: Alkaline Electrolysis Cells (AEC), Proton
Exchange Membrane Electrolysis Cells (PEMEC) and Solid Oxide Electrolysis Cells (SOEC).®
Figure 5 illustrates these cells set-up and their main differences.

AEC has been widely used for industrial and large-scale applications since 1920, being
already available, stable and exhibiting a considerable low capital cost (around US$ 1180 / kW-
1,49 Besides, this cell was shown to operate for over 55k hours, proving itself to be very stable,
which is very important for this application. However, one of the main drawbacks for this cell is
its low current density (<0.45 A.cm) and high cell voltage (1.8-2.4V),** which can increase the
cost for hydrogen production. Thus, some developments need to be done in order to make a more
suitable cell, with a significant lower cost, which is still three times more expensive than steam
reforming processes, 39414445

PEMEC are based on a solid polymer electrolyte and they were developed in 1960 as an
attempt to overcome the problems presented by the AECs, and they research has brought
outstanding developments for electrolyzers applications.*>4

Membranes are the cornerstone for the PEMEC, and they are responsible for separating
product gases, transporting protons, and supporting the cathode and anode catalyst layer. The most
used membranes are based on a Perfluorosulfonic acid polymer, such as Nafion®, Fumapem®,
Flemion® and Aciplex®.*! Although all the beforehand cited polymers present great advantages for
membrane applications, Nafion® is the one that usually is used, due to its excellent chemical and
thermal stability, mechanical strength, high durability, high proton conductivity and the fact that it
can operate at high current densities.**"*® However, one of the main drawbacks for the use of
Nafion® s its disposal, that can be very expensive due to the presence of fluorine in the structure.
Thus, alternative membranes have been studied, yet they present low current densities and low

durability, what make them unviable.*14°
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Figure 5. Main Electrolysis cells technologies set-up. They can be classified as: Alkaline Electrolysis Cells (AEC),
Proton Exchange Membrane Electrolysis Cells (PEMEC) and Solid Oxide Electrolysis Cells (SOEC).*

Even in the same cell voltage as AFCs, PEMECs present high current density (1.0-2.0
A.cm?), efficiency and a great stability, operating for over 60k hours, being able to produce pure
hydrogen. However, the main catalysts are made of noble metals, which increases the capital cost
(around US$ 2300 / kW1).#243 The system also requires pure water, which limits its application.
Hence, studies have been made trying to reduce the system complexity and its cost, aiming to find

less expensive materials. 04549
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SOEC is the more recent developed cell, and it is not widely commercialized since the
system has demonstrated to work only on laboratory scales. The cell uses solid ion-conducting
ceramics as the electrolyte, which allows it to operate at higher temperatures (900-1000 °C).*5
These cells have high electrical efficiency, moderate current densities (0.3-1.0 A.cm™), operate at
lower cell voltage (0.98-1.3 V),*>*3 low material cost and also the option to operate in reverse mode
as a fuel cell or in co-electrolysis mode. Nonetheless, the high temperature operation can cause
material degradation, which is a huge drawback and elevates the capital cost (higher than US$ 2400
/ kW), Therefore, the research in this area is focused on the development of catalyst materials that
can be heated up to high temperatures and also on reducing the operating temperatures, in a way
of making it commercially viable).#045:46:50

Nevertheless, it is worth mentioning that all these data present for the electrolyzers are
directly dependent on the stack level in the cells, which have an impact on the cells performance,
efficiency and stability, therefore, it is an important parameter that is considered in the study of
better systems for water electrolysis.*

In an overall water splitting electrochemical system the actual operational voltage (Vop) is
different than the Veq because it depends on the reaction’s kinetics and on the cell design, being

represented by the equation below:

Vop = Veq + na+ |1c| + ne (11)

Where naand 7c are the overpotential for the anodic (OER) and cathodic (HER) reactions,
and nqis the additional overpotential required to compensate for resistance losses within the cell.*’
In an ideal system, raand 7c would be close to zero and the Vo, would depend only on 7o, which
could be minimized by the cell design. Nonetheless, this is not what happens in reality, in which
the reactions face very high activation energy barrier due to the kinetics limitations, increasing the
overpotential that needs to be overcome.®! The system can become even more complex for photo-
catalysis, where semiconductor materials are incorporated into the electrode in a way that the solar
energy is directly harvested, requiring more mechanistic steps and lowering the overall production
efficiency.®*®2 Thus, the research in water electrolysis processes focus on approaches to reduce this
overpotential by improving electrodes, electrolytes and catalysts, trying to unravel ways to boost

reaction kinetics.333853-%6
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Among the numerous catalyst that have been studied, Ru, Ir and their respective oxides
stood out as the state-of-art for water oxidation reaction, presenting the best electrocatalytic
activities towards OER in both acidic and alkaline solution.%” Ir, Ru and their respective oxides
activity as water oxidation catalysts are ordered in the following sequence: Ru> Ir = RuO2> IrO,.
The overpotential needed to achieve a current density of 5.0 mA cm2is 300 and 400 mV for RuO;
and IrO2, respectively.®® Even though both oxides have a good performance and activity during
water oxidation, their main drawbacks are their low stability and high cost.*®

The state-of-art catalysts for the hydrogen evolution reaction are based on Pt, which is
found to be an efficient electrocatalyst, exhibiting a near to zero overpotential and high current
densities.>>® Pt based catalysts present an overpotential of 0.05 V in acid media and are able to
keep the same value even after 2 h of reaction. At an overpotential of 0.1 V, they are also able to
achieve current densities of 110 + 70 and 220 + 80 mA cm for two different studies with platinum
electrodes, with differences in the electrolytes,336!

Even though these catalysts are considered the state of art for water-splitting, their high cost
and scarcity create a huge obstacle to their large-scale application. Hence, the development
catalysts for HER and OER should be efficient, stable, cheap, operate at low overpotential, and
based on earth-abundant elements. This is crucial to a suitable hydrogen generation through water
splitting. In a view of that, an enormous amount of effort, both theoretical and experimental, has
been put into the development of different catalysts based on earth abundant transition metals,
especially from the first transition row (e.g. Co, Fe, Ni, Cu, Mn, Cr and Zn) as an attempt of
substituting noble metals catalysts, making the water splitting an economic viable process for the
hydrogen production,3233:35385556.62-66 jaramillo et al.®® published a study comparing the main
catalyst for both OER and HER, working in alkaline and acid medium. In the paper, the authors
present a benchmarking for these catalysts, showing how the activity of earth-abundant catalysts
can be compared with the one from noble metals, demonstrating the main features that need to be
improved for the development of suitable non-noble metal catalysts.

Even though a huge amount of research has been made in this area, the use of earth-
abundant catalysts is still limited by their low activity and, most of the time, stability, which inhibit
their applications for a large scale hydrogen production.333

Based on the development of the water splitting technology so far, the cost per kg of
hydrogen is in the range of US$ 7.98 to 8.40 for electrolysis with an efficiency of up to 60% and
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is about US$ 10.36 / kg for the photo-catalysis, and the efficiency up to 12%, what makes the
electrolysis a better option for the water splitting. Nonetheless, this system is still too expensive,
and the costs need to be reduced in order to be competitive with the grey hydrogen (steam reforming
for example). 1293467

Nonetheless, it is important to highlight that the Water Splitting process can only be
considered a good and eco-friendly alternative for green Hz production if the input energy in the
electrolyzer is being supplied from renewable energy sources, otherwise, this system would not

produce a 100% green and clean hydrogen.?%%8

1.3.  Prussian Blue

In the search for new catalysts classes, inorganic coordination polymers have emerged as a
good alternative to address these challenges.?® Among this new class of catalysts that have been
studied, metal hexacyanoferrates represents an important part of it, where Prussian blue analogues

(PBA) are a classic example.*"°
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Figure 6. Prussian Blue main structure.

Prussian blue is the oldest synthetic coordination compound known, and it consists on a
mixed-valence structure that holds both high and low spin oxidation states of iron on its structure,
that is represented by [Fes(Fe(CN)e)3], as presented in Figure 6.”"2 The traditional proposed
structure consists of two iron centers octahedrally coordinated, and linked by bridges with lattice
constants varying from 10.13 to 10.18 A.7 The structure proposal assumes the N-coordinate center

being Fe*" and occupying the corners of a face-centered cubic (fcc) lattice of the crystal group
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F43m, while the C-coordinated center is Fe?" and is at the middle of the edges.”>"® Furthermore,
some alkali-metal cations, usually potassium (K"), is place within the structure to compensate the
negative charges, and they occupy the half of the tetrahedral holes of the lattice.”>"® Since cyanide
C has a strong ligand field, Fe?" assumes a diamagnetic low-spin d® configuration, whereas Fe**
assumes a paramagnetic high-spin d® configuration linked to the weaker ligand field of cyanide N.
Therefore, the strong blue color comes from the strong charge-transfer process that takes place
between d° tog Fe?*-C and hs ds tg Fe**-N, from where PB received its name.”6"7

Moreover, the iron can be substituted by some other transition metals and an analogue
structure known as Prussian blue analogues (PBA) can be obtained. PBAs are represented by
Mix[M2(CN)sly), where M2 is an hexacyanometalate that plays a structural role and it can
modulate the donor-acceptor effect to the other metal and M a first-row transition metal and it is
coordinated to the N atoms forming a 3D network.’®8% This network adopts a face-centred cubic
(fce) structure in the Fm3m space group, with a cell parameter around to 10 A. In the case of CoFe
analogue, this material also presents the mixed spin/valence structure, and it is usually organized
2+ 46

81,82

with Fe** d° in a low spin configuration, while Co assumes the high spin configuration.

These materials have a wide range of applications,5% 788083

and as catalysts, they had stood out due
to its great performance and stability for the WOR in a neutral pH. Some studies have been carried
out and report different PBAs performance and activity towards the WOR, however, most of them
face the same problem, the low active sites that interfere with the catalytic activity.3%36:8384
Despite their high stability and activity, the main shortcoming is their low concentration of
active sites. Due to this, engineering the structure and defects is essential to lead to a high
concentration of active sites, and consequently a higher catalytic activity.5°84-8 Increasing the
catalytic activity of a catalyst is the major challenge for scientists in many areas. In this sense, the
modulation of defects in the catalysts can have direct impacts on their properties, like band structure
tunning, conductivity, magnetism, and mainly in the performance. The most common known defect
is the vacancy, which can lead to substantial structural perturbations in the catalysts, creating
changes in the electronegativity, charge concentration, and redistribution, thus enhancing the
catalyst activity.8” A few researchers reported the generation of unusual cyanide vacancies in

different PBAs using different methodologies, usually based on based on the use of extreme pH

and temperature conditions, or even high energy plasma lasers, which exhibit low overpotentials
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and high current densities for WOR in alkaline medium, exceeding the ones previously cited for

the original Prussian blue analogues.8%8688

1.4. Objectives

The main objective of this thesis is to investigate the electrochemical mechanisms of water
oxidation using catalysts based on Prussian Blue analogues and to propose strategies to enhance

their activity. The specific objectives of this research are as follows:

I. Propose a methodology to quantify iron for some iron-based catalysts thin films.

ii. Propose a strategy to overcome the PBA-based catalysts’ main shortcoming of
having low concentration of active sites.

iii. Investigate the active sites in Prussian Blue analogue catalysts, understanding how
they work and the factors that influence their activity and performance towards
OER.

iv. Investigate synchrotron-based soft X-ray spectroscopy techniques to probe the

structure of PBAs and identify changes in the electronic configuration.

R. L. Germscheidt, Ph.D. thesis



Chapter 11

34

Photochemical Pre-Treatment to Quantify Iron in Thin Films

The content of Chapter Il is an adaptation of the article entitled “Photochemical Pre-
Treatment to Quantify Iron in Thin Films” by Rafael L. Germscheidt, Cleiber C. Morais, Danielle
S. Francischini, Marco Aurélio Z. Arruda and Juliano A. Bonacin reprinted with permission from
Journal of the Brazilian Chemical Society, Copyright ©2023 Sociedade Brasileira de Quimica,

Appendix C and D.

Reference: J. Braz. Chem. Soc., Vol. 34, No. 7, 958-966, 2023. DOI: 10.21577/0103-
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2.1 Introduction

The deposition of catalysts thin films on electrode surfaces is essential for heterogeneous
electrocatalysis reactions. The evaluation of the metal content, numbers of active sites besides the
level of conversion are extremely necessary to determine the efficiency, activity, and stability of a
specific catalyst.8%% Parameters such as turnover number (TON), turnover frequency (TOF), and
long-term stability depend on the quantification of active sites on the catalysts.%%

Iron-based catalysts are widely used in the chemical industry. Furthermore, these catalysts
produce outstanding activities and efficiencies in the water splitting process where the water is
converted into green hydrogen.8%9-% These catalyst’s activity and efficiency are directly related
to the number of active sites, and it is usually linked to metal sites, as they facilitate electron transfer
reactions and are the main responsible for the catalyst efficiency.5®%"-%° Thus, an accurate iron
quantification is essential to evaluate an iron-based catalyst.

The determination of metal ions can be performed by several analytical techniques, such as
atomic absorption spectroscopy (AAS), inductively coupled plasma optical emission spectrometry
(ICP OES), inductively coupled plasma mass spectrometry (ICP-MS),1901%1 and spectrophotometry
(UVIVis).1%2 Among these techniques, spectrophotometry stands out for being simple, efficient,
fast, and presenting low cost for both sample preparation and equipment maintenance. Besides, its
spectra is very simple to be interpreted.%3-1% The spectrophotometric determination in the UV-
VIS region generally requires the use of other compounds to trigger some changes in the species
of interest (analytes), in order to increase the analytical sensitivity and selectivity.10%10

Given this scenario, the biggest challenge to calculate the amount of iron in these catalysts is
the fact that most of them are based on complexed structures and/or molecules, where the iron
atoms are complexed with different ligands. Therefore, an additional sample preparation step is
required before performing spectrophotometric analysis. This is an important step, and it is
responsible for providing a dissociation of the iron ion from its ligands and allowing its
coordination with the compound responsible for increasing the analytical sensitivity and
selectivity, typically 1,10-phenanthroline for iron quantification.

There are different methods presented in the literature for sample preparation for elemental

analysis, including the use of ultrasonic waves, acid digestion, high temperature hydrolysis,
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microwave radiation degradation, the use of organic solvents, combustion and finally
photochemical methods using UV light.2?-10 The use of photolysis, a photochemical process that
uses light (UV or Visible)!'! stands out as a fast, cheap and environmentally friendly method, using
only energy source and no side solvent or heating source to easily promote the complex dissociation
by labializing the main ligands.1%®112 Hance, photolysis has been widely applied in the last years
to dissociate Fe ions from complex structures and/or molecules, allowing an effective labialization
of different ligands, such as cyanide (CN°), oxides, organic ligands, chloride (CI) and so
Onl108,112,1127116

Therefore, herein we present a photolabilization strategy of iron to allow precise
quantification of this metal from some iron-based catalysts, such as Prussian blue, cobalt-iron

Prussian blue analog, hematite, nickel-iron oxyhydroxide, and cobalt-iron oxide.

2.2 Experimental Section

2.2.1 Catalyst preparation and GCE modification
Before the catalyst’s film deposition, FTO substrates of 1 x 2.5 cm? were cleaned using
isopropyl alcohol in an ultrasonic bath for 10 minutes, rinsed with distilled water, and cleaned again
in an ultrasonic bath using distilled water for 10 minutes. After that, the substrates were annealed

in a muffle at 400 °C for 30 minutes.®®

2211 Hematite (Fe203)
Hematite films were obtained by immersing the electrode in a solution containing 0.1 mol
L of FeSOq, 0.1 mol Lt of FeCls. Then metallic iron was reduced over the electrode surface by
applying a constant potential of -1.1 V x SCE for 300 s. The electrode was dried and then, the film

was submitted to thermal treatment in a muffle at 400 °C for 150 minutes.

2.2.1.2 Bimetallic hydroxide (NiFe(oxy)OH)
Bimetallic hydroxide films were obtained according to the method previously reported by
our group.t!’ Since the goal of this work was only the iron quantification in the catalyst, following
the methodology, we also used 3D printed electrodes for the deposition of NiFeOOH catalyst. The

electrode activation process was also followed before the catalyst deposition. Then, the electrode
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was immersed in a solution containing 90 % of NiSO4 and 10 % of FeSO4 with the total metal
content of 10 mol L. Electrodeposition was carried out by chronopotentiometry as previously

reported, by applying a cathodic current density of 50 pA cm™ for 1125s.

2.2.1.3 Prussian Blue (PB)

Prussian Blue films were obtained by immersing the electrode in a solution containing 1
mmol L of [Fe(CN)s]*", 1 mmol L of FeCls, 0.1 mol L of KNOs, and 0.1 mol L* of HCI. Then
10 cycles were performed from 0.37 to 0.8 VV X SCE, on a scan rate of 8 mV s™. After this, a blue
film was observed on the electrode.

2.21.4  CoFe Prussian Blue analogues (CoFePBA)

CoFePBA films were obtained as reported. Cobalt(I1) chloride (12 mmol) was dissolved in
80 mL of Milli-Q water to form a solution A. Potassium hexacyanoferrate(IIl) (8 mmol) was
dissolved in 80 mL of Milli-Q water to form a solution B. Then, solution A was added into solution
B under magnetic stirring for 1 hour. After continuous stirring for 2 hours, the homogeneous
solution was maintained at a low temperature for 12 hours. The precipitate was collected by
centrifugation and exhaustively washed with Mili-Q water to ensure the removal of any trace of
precursors and after this, the solid was dried at 60 °C overnight. The films were prepared by a drop-
casting method. The ink of catalyst was prepared by a mixture of the solid compounds (5 mg),
Milli-Q water (100 uL), DMF (200 pL), and Nafion® (20 pL). Then, the mixture was sonicated
for 30 min to obtain a homogeneous ink and 25 pL of the ink was dropped into an FTO electrode

to cover a 1 cm? area. The electrodes were dried at a vacuum system to remove the solvent.

2.2.15 CoFe oxide (CoFeOx)
CoFe oxide was obtained from the CoFePBA framework. So, the modified electrode was

submitted to thermal treatment in a muffle at 400 °C for 150 minutes.

2.2.2 Preparation for iron quantification
Prior to the iron determination methodology, the oxide films were dissolved with 5 mL of
a 0.1 mol L hydrofluoric acid (HF) solution, and the Prussian blue films dissolved with 5 mL of

a 0.1 mol L sodium hydroxide (NaOH) solution, in an ultrasonic bath, to assure complete removal
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of the film. The obtained solutions were transferred to 25 mL volumetric flasks. These final
solutions were then used for the Fe determination analysis.

2.2.3 Electronic Spectroscopy
Spectra of aqueous solutions in the UV—Visible region were obtained using a Bel Photonics
UV-M51 UV-visible absorption spectrophotometer, with a 1 cm quartz cuvette, in the region from
200 to 600 nm.

2.2.4 Calibration Curve Validation
The limit of detection (LOD) for this calibration was obtained from the standard deviation
of the blank, according to Equation 1, where F is a factor of 3.3, SD is the standard deviation of
the blank (0.00046) and b is the slope of the regression line. And the limit of quantification (LOQ)
was also obtained from the standard deviation of the blank, according to Equation 2.118:119

Fx SD .

LOD = o (Equation 1)
10x SD .

LOQ = b (Equation 2)

The obtained results for LOD and LOQ were 1.3132 x 107 and 3.8163 x 107, respectively,
which are smaller than the calibration curve first point (1.18402 x 10°), thus, the obtained
calibration curve is accurate for these concentrations.

Aiming to ensure that the amount of iron was accurate the method was tested with iron
samples spiked at two levels of concentration (200.0 and 1.000 pmol L™1). For this, solutions with
a known concentration of iron chloride (FeClz) were prepared, mixed with phenanthroline and an
excess of NHOH<HCI (to reduce Fe®* to Fe?*), and analyzed by the calibration curve. FeCls was
chosen since it is an easily soluble salt, dissociating into Fe** and CI- in solution, therefore, having

all iron atoms free in solution to be coordinated with phenanthroline, after being reduced to Fe?*.
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2.2.5 Accuracy check for Fe quantification by Inductively Coupled Plasma Mass
Spectrometry (ICP-MS)

2.2.5.1 Sample Preparation

By a solution content 1000 ng mL™ of [Fe(CNe)]*, six solutions with different Fe
concentration were prepared: 100, 150, and 200 ng mL1. Each final solution was acidified to 2 %
(vIv) of sub-distilled HNO3 (14.3 mol L) in deionized water (18 MQ cm™, Millipore, Bedford,
USA). The analytical curve to Fe quantification was prepared in 2 % (v/v) HNO3 solution with the
following concentrations: 0, 1, 5, 10, 15, 20, 30, 60, 100, 150, and 250 ng mL™* using Fe from ICP-
MS standard solution (SRM 3126a — SpecSol, NIST USA). The **Fe, *°Fe, and >'Fe isotopes were
evaluated to verify the ideal analytical parameters such as linearity, LOD and LOQ, as also the

analytical recovery (80 — 12 0%).

2.2.5.2 ICP-MS Instrumental Parameters
The analysis was performed via ICP-MS (iCAP TQ, Thermo Fisher Scientific), in high
sensitivity mode single quadrupole (SQ), using He gas as the collision gas to interference removal
and kinetic energy discrimination (SQ-KED). The Ar gas was used as the nebulizer gas. Prior to
the analysis, the equipment was daily checked for oxides and double-charged ion formation below
4%, being within the ideal working limit. The instrumental parameters of analysis were: 0.9943 L
mint as nebulizer gas flow, 0.80 L min™* as auxiliary gas flow, 4.425 mL min as He gas flow, and

1550 W as radiofrequency power.

2.2.5.3 ICP-MS Results
According to the results obtained for each Fe isotope (Table 1), *Fe showed results closest
to optimal analytical recovery value (80 — 120 %), adequate linearity (R>0.99), and low LOD and
LOQ values, thus being chosen to evaluate the iron concentration in the samples of interest.
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Table 1. Figures of merit to Fe quantification

Analytical curve

SFe %Fe SFe
y=ax+b y = 3312x + 32209 y = 59497x + 593350 y = 1561x + 14245
R 0.9951 0.9945 0.9950
LOD? (cps) 0.28 0.31 0.39
LOQP (cps) 0.95 1.04 1.29
Recovery (%) 82.8 87.1 715

4 imit of Detection; PLimit of quantification

2.3 Results and Discussion

2.3.1 Fe concentration calibration

The use of phen to quantify Fe?* ions is a well-known method since this bidentate chelating
agent has two nitrogen atoms at the ortho positions of the rigid half-ring structure, which can
coordinate with Fe?* ions, forming a complex,%? as it can be seen in Figure 7a. This molecule is
known as a -acceptor ligand and its coordination with Fe?* produces a specific color in the visible
region (orange-red color) assigned, as mentioned before, to metal-to-ligand charge transferences
(Fe(d) — phen (n*)). In the [Fe(phen)s]** complex, the metal d-orbitals will give rise to the highest
occupied molecular orbitals (HOMO), while the p-orbitals from the carbon and nitrogen in the
phen, will give rise to the lowest unoccupied molecular orbitals (LUMO), Figure 7a. The
absorption band on the UV-Vis electronic spectrum of [Fe(phen)s]** (Figure 7b) in a smaller
wavelength, 267 nm, can be assigned to the intraligand & — =* transitions for phen. Furthermore,
the adsorption bands identified in higher wavelengths, 475 and 510 nm, can be assigned to the
metal to ligand charge transference (MLCT) Fe(d) — phen (n*) transitions. The maximum
absorbance for the MLCT transition is found around 510 nm and its intensity is directly

proportional to the [Fe(phen)s]** complex concentration in the solution. 2012
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Different views of the [Fe(phen),]** UV-Vis spectrum of the [Fe(phen),]**
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Figure 7. A) Structure of the [Fe(phen)s]** complex and its frontiers orbitals; B) UV-Vis electronic spectrum of
[Fe(phen)s]?* (concentration: 4.5 umol L) and picture of a concentrated solution of the complex.

The [Fe(phen)s]** complex is produced immediately in the presence of Fe?* ions and phen
in an aqueous solution and it can be easily detected by UV-Vis spectroscopy. However, its
formation does not occur instantly if the iron ions are already complexed with other ligands, which
is the case for some iron-based catalysts, such as Prussian Blue (PB), hematite, or some iron
oxyhydroxide. Thereby, it is not possible to use this methodology directly to quantify the amount
of iron in these samples due to their low dissociation kinetics and solubility product constant.

Prussian Blue, for example, is a kind of coordination compound formed by the mixture of
Fe3* and [Fe(CN)s]* and its structure and analogues are widely studied to be used as catalysts.* In
this case, Fe®* ions coordinate with N of the cyanide group to produce a 3D framework. The called
"insoluble Prussian blue” (Fes[Fe(CN)e]3*nH20) is a very stable blue solid, and it has the value of
Kps= 3 x 1041122 Considering the evaluation of the iron content in a PB film, the first step to analyze
this metal content in a thin film is to solubilize the material. This step can be easily done in this
case with an alkaline solution. During the solubilization, Fe** (can produce a hydroxy/oxo) and
[Fe(CN)s]* are formed. Then, it is necessary to replace the cyanide ligand by phen.

Studies show that although these aqueous complexes dissociate slowly in the darkness,
upon exposure to UV light they can dissociate easily, releasing cyanide.!®!? Given this
motivation, [Fe(CN)s]* solutions were initially used to obtain a pattern for the iron concentration
when complexed with phenanthroline, acquiring a calibration curve in different concentrations,

from 1.2 x 10°to 7.1 x 10 mol L™, as seen in Figure 11. The solutions were submitted to UV-A
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light incidence for 1 h, in a photoreactor (Figure 8). This light provides the necessary energy for
the complex dissociation to happen and consequently the complexation with phenanthroline
present in the solution. After 1h, it was possible to observe a change in the color, with an orange-
red color appearance (Figure 9), with a color intensity related to the sample concentration, as can
be seen in Figure 11a. Besides, it was also possible to identify the band related to the [Fe(phen)s]**

complex in the UV-Vis spectrum at 510 nm (Figure 11b).

Figure 8. Commercial LuzChem LZC-4X UV Light reactor with 14 UV-light.

Figure 9. [Fe(CN)g]* solutions with phen before (left) and after (right) the exposure to the UV-Light.

The comparison among the UV-A light wavelength, the intensity and the [Fe(CN)s]* UV-
Vis spectrum (Figure 10a) allows a discussion about the mechanism of the reaction. As it can be
seen, the [Fe(CN)s]* spectrum has a characteristic band at 330 nm, which can be assigned to the
1T1g — Aqg transition.'?3124 The UV-light wavelength ranges from 297 to 422 nm, and the part
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that overlaps with the [Fe(CN)s]* absorption band is around 297-365 nm. This shows a direct
overlap between the UV-light absorption bands and the band interactions between iron and cyanide.
Based on this, two different possible UV-light-dependent mechanisms were suggested in Figure
10b, and both of them can happen and contribute to the formation of the [Fe(phen)s]?* complex. In
the first proposal, the UV-light exposure contributes to the dissociation of [Fe(CN)s]*, which
results in the formation of [Fe(OH2)s]*. Then, this complex, in the presence of phenanthroline and
by a substitution mechanism, changes the ligands and forms the complex of interest, [Fe(phen)s]?*.
The other possibility is the dissociation by the UV-light exposure with a direct complexation of

iron and phenanthroline, without the need for the intermediate aquo complex.

A B
I\ Reactor
\ —— [Fe(CN)J*
\ — [Fe(phen),]** [Fe(OH,)]* + 3 phen + 6 CN-
@
o ‘\\\
k- s P I
2 2 [Fe(CN)g* + 6H,0 + 3phen [Fe(phen)s* + 6 H,0
< <

K

[Fe(phen)s2* + 6 CN- + 6 H,0

300 400 500 600
Wavelength (nm)

Figure 10. A) UV-Vis spectrum of [Fe(CN)g]* solutions (green line), after its complexation with phenanthroline,
[Fe(phen)s]?* (red line) and wavelength intensity spectrum of the UVA-light reactor (blue). B) Mechanism proposal
scheme for the formation of [Fe(phen)s]?* from [Fe(CN)g]* after UV-light exposure.

After the complex formation by the UV-light exposure, the band was identified on the UV-
Vis spectrum, and this band absorbance intensity was related with the Fe concentration, allowing

the obtention of a linear calibration curve, with an R2=0,9997 (Figure 11).
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Figure 11. A) Solutions of [Fe(CNg)]* in different concentrations (from 0.5 to 3 ppm) after the exposure to UV light;
B) Calibration curve for [Fe(CNg)]* with phenanthroline and UV-Light incitation. Insert indicates the obtained
calibration curve with an error bar obtained from n=3.

To obtain a more accurate result on the iron quantification, which is an extremely important
factor for the TON or TOF calculation, for example, the calibration curve was obtained 3 different
times, using different solutions. The results were similar, and the amount of iron was calculated

using an average of the 3 analyses:

y(x) = 11515x — 0.0055
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The calibration curve was validated and tested with spiked iron sample, and through the
limit of detection (LOD) and limit of quantification (LOQ), and more details can be seen in the
experimental section. The obtained result for LOD and LOQ were 1.3132 x 10 and 3.8163 x 10-
7. respectively, which are smaller than the calibration curve first point (1.18402 x 10), thus, the
obtained calibration curve is accurate for these concentrations. As it can be seen in Table 2 and
Figure 12, for the spiked samples, satisfactory recovery values of 97.56 and 96.10 % were obtained
for both evaluated samples, indicating an effective determination of Fe without significant matrix

effects.

Table 2. Iron quantification using FeCls, NH,OH+HCI and phen by the proposed method (n=3).

Added (umol/L) Found (pmol/L) Recovery (%)
200.0 192.0 £ 0.250 97.56
1.000 0.960 + 0.035 96.10
A B
0.012
2 x 104 mol L 1x 10 mol L
2k 0.01}
0.008 -
B 15 o
c c
E g 0.006 |-
2 2 o004}
o5k 0.002 -
0 -
0 1 1 " | " 1 " " 1 " 1 " 1
500 550 600 500 550 600
Wavelength (nm) Wavelength (nm)

Figure 12. UV-Vis spectrum of FeClssolutions in different concentrations. (A) 2 x 10“*mol L*; (B) 1 x 10®mol L.

Furthermore, the accuracy was checked by comparing the quantification of iron also with
ICP-MS analysis and the method details can be found on the experimental section. The same
samples were also analyzed by the technique proposed by this paper, and a comparison between
the results can be seen in Table 3 and Figure 13. The results indicate an accurate determination of
Fe with the proposed technique, validating the method with ICP-MS recoveries ranging from 90 to
120 %.
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Table 3. Comparison between ICP-MS and UV-Vis.

ICP-MS? (nmol) UV-Vis (nmol) Recovery ICP-MS (%)
19.47 +0.06 18.47 £ 0.33 94.83
27.07+0.14 24.53 +0.09 90.64
34.26 +0.42 39.73+1.81 116.0

dinductively coupled plasma mass spectrometry

B UVNis
40~ m ICP-MS

[Fe] (nmol)

1 2 3

Figure 13. Quantification comparison between ICP-MS and UV-Vis. Numbers on x axis (1, 2 and 3) represent the 3

samples that were tested for the method validation.

2.3.2 lron quantification in different catalysts

After the calibration curve preparation and testing with FeClz and [Fe(CN)s]* + UV-A light,
the method was applied for the iron determination in a Prussian Blue catalyst. The PB film was
prepared and dissolved with NaOH into a solution to be analyzed, according to the details provided
in the experimental section.

The study for the determination of the total iron amount was carried out in 4 different
conditions. Firstly, the catalyst solutions were analyzed only with the addition of phen, which can
indicate the amount of free Fe?* at the beginning of the reaction (5 min + phen). Then, an excess
of a reducing agent (hydroxylammonium chloride - NH>OH<HCl) was added to the solution to
make sure that all free iron was converted into Fe?* (5 min + phen + NH.OH+-HCI). Furthermore,

the second solution (5 min + phen + NH.OH+HCI) was split into two others. One of them was kept
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in dark for 1h (1h — Dark - phen + NH2OH+HCI) and the other was added into the UV reactor for
UV-light exposure (1h — UV — phen + NH2OH+HCI). In this way, we were able to evaluate the
UV-light exposure effect. The results can be seen in Figure 14, Table 4, and Table 5.
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Figure 14. UV-Vis electronic spectrum for iron determination on catalysts. A) Prussian Blue; B) Co-Fe Prussian
Blue analogue (CoFe-PBA); C) Hematite (Fe203); D) Ni-Fe (oxy)hydroxide (NiFexOOH); E) Co-Fe oxide (CoFeOy)
in different conditions.

The PB structure was shown to be very stable, and its initial analysis showed an amount of
iron of 17.15 £ 1.60 nmol and 21.54 £+ 1.06 nmol for only phenanthroline addition and after the
addition of NH,OH*HC], respectively. This small amount of Fe?" free, in the beginning, proves the
need for an external energy source to help with the Fe?* dissociation, after 1h, it was possible to
observe an increase in the iron amount, 51.45 + 0.33 and 145.5 + 4.0 nmol, for dark and UV-light
exposure, respectively. The results are presented in Table 4.

The [Fe(phen)s]** formation mechanism would be the same as the one proposed for
[Fe(CN)s]* (Figure S4). Thus, this method can be suitable to quantify iron in the Prussian blue
structure, as long the solution is exposed to UV-light for 1h before the analysis. This approach

ensures the total dissociation of iron from cyanide, allowing the obtention of precise iron
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quantification. This final iron amount, in nmol, could be further used to calculate TOF and evaluate

the catalyst’s activity and efficiency, for example.

Table 4. Iron concentration in nmol for each catalyst in different conditions of analysis (n=3)

Prussian Blue CoFePBA Fe203 NiFe(oxy)OH CoFeOx
5min — Without
NH,OH.HCI 17.15+ 1.60 6.180 + 0.040 14.33 £ 0.45 4148 £1.21 297.2+1.1
5min — With
NH,OH.HCI 21.54 + 1.06 36.82 + 0.05 104.2+0.8 215.6+£0.5 364.1+£0.5
1h — Dark 51.45+0.33 155.5+0.1 1242 +3.2 260.7 £ 0.1 398.0+3.2
1h — UV-Light 1455+ 4.0 190.8+0.9 157.2+19 266.4 £ 0.7 400.6 £ 0.5

Since the quantification method was shown to be highly effective for PB thin films, the
same method was applied for the study and quantification of a PB analog prepared with cobalt and
iron. CoFe-PBA is an analog to the Prussian blue, in which Fe** can be substituted by Co?*, being
represented by Coz[Fe(CN)e)2]*nH20. These Co-PBA stand out for their great activity towards the
oxygen evolution reaction since their high conductivity gives rise to exposure of more active sites
and facilities the electron transfer during oxygen evolution reaction.®98125 |ts structure was also
shown to be very stable in the beginning, and its initial analysis showed an amount of iron of 6.180
+ 0.040 and 36.82 + 0.05 nmol for only phenanthroline addition and after the addition of
NH2OH<HCI, respectively.

This indicates that a low content of iron was available at the beginning of the reaction to be
coordinated with phen. This small amount of iron available in the beginning indicates a similar
behavior to PB and the need for UV-light exposure to allow iron dissociation. After 1h, it is possible
to observe an increase in the iron amount, 155.5 + 0.1 and 190.8 £+ 0.9 nmol, for dark and UV-light
exposure, respectively. These results indicate that UV-light exposure contributes to the total
dissociation of iron from cyanide. The [Fe(phen)s]?* complex formation mechanism would be the
same as the one proposed for [Fe(CN)s]* (Figure 10b), and both proposals, with and without the
formation of the aquo intermediate would be possible. Moreover, as it can be seen in Figure 15,
the cobalt-phenanthroline complex has absorption bands around 200 and 294 nm, and it does not
present any band close to 510 nm, therefore, even if some phenanthroline is present in the solution
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IS being coordinated to Co, it does not interfere with the iron quantification. Thus, this method can
also be considered suitable for iron quantification on PBAs thin films, with precise and accurate

results, see Table 4 and Figure 14.
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Figure 15. UV-Vis electronic spectrum of [Co(phen)s]?* solution.

Considering the obtained results for PB and PBA, the method was also applied for iron
quantification in other iron-based catalyst’s thin films, such as Hematite (Fe203z), bimetallic Ni-Fe
oxyhydroxide (NiFeOOH), and a bimetallic CoFe oxide (CoFeOx), and the film preparation details
can be found in the experimental section.

Hematite (Figure 14c) has a rhombohedral structure, consisting of an intense structure
connected to the Fe®" cation in octahedral coordination with oxygen in the hexagonal closed
packing system, and it is widely used as a catalyst.*?612” The predominance of Fe** in the structure
was proven by the first analysis, by only adding phenanthroline, in which the amount of iron present
was 14.33 + 0.45 nmol, and after the addition of NH2OH<HC], the iron amount increased to 104.2
+ 0.8 nmol. After 1h, it is possible to observe an increase in the iron amount, 124.2 + 3.2 and 157.2
* 1.9 nmol, for dark and UV-light exposure, respectively. In Table 4 is possible to see all results.

This result indicates that the UV-light exposure ensures the total amount of iron
quantification, assuring that every iron atom is free to be coordinated with phenanthroline.
However, the absence of UV-light (dark) also allowed a high amount of free iron after 1h (Table
4). Two pathways could be proposed to happen during the metal labilization and coordination of

Fe2* with phen. One is based on UV-light labilization and the other takes place in the dark (Figure
R. L. Germscheidt, Ph.D. thesis
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16b). The mechanisms were proposed according to the association between the UV-light reactor

wavelength intensity and the Fe.O3 absorption spectrum (Figure 16a).

A B
Reactor Fe(OH),* + 3 phen
— Fe,0, J[‘
o Fe(phen);]?* +
£ s FeOOH + H* + 3phen [Fe(phen)s] H,0
£ g
[=]
Fe* + 3phen
300 400 500 600 [Fe(phen)3]2+ + 2H20

Wavelength (nm)

Figure 16. A) UV-Vis spectrum of Fe,O3 solutions (dark red line), and wavelength intensity spectrum of the UVA-
light reactor (blue). B) Mechanism proposal scheme for the formation of [Fe(phen)s]?* from Fe,O3 accounting for dark

reaction and UV-light exposure.

As can be seen, the hematite spectrum has characteristics bands at 270, 294, and 333 nm.
These bands can be assigned to the ligand-to-metal charge-transfer transitions and partly from the
contributions of the Fe*" ligand field transition A1—*T: (*P), °A1—*E (D), and °A1—*T;
(*D).12812% The UV light reactor wavelength ranges from 297 to 422 nm, and the part that overlaps
with the hematite absorption bands is around 297- 365 nm, comprising UV wavelengths, having a
direct effect on the band interactions between iron and oxygen.

Based on that, for the time-dependent mechanism, it is believed that in solution, the iron
oxide forms FeOOH, and in the presence of acid (H), it can form Fe(OH)."; then, by a ligand
substitution reaction, in the presence of phenanthroline, can form the color complex [Fe(phen)s]?*.
Thus, this method is also observed as a suitable method for iron quantification in Hematite films,
presenting promising results. Furthermore, even though UV-light exposure does not have a greater
effect on the iron dissociation, it is still necessary to ensure a total quantification of iron, as it can
be seen in Table 4.

Ni(oxy)hydroxides (Figure 14d) were also studied since they are well-known structures
with a wide application as catalysts, especially for the water oxidation reaction. Also, its activity
had been shown to increase when doped with other first-row transition metals, particularly iron.
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And since the catalyst activity is directly related to the amount of iron that is present in the structure,
iron quantification in these catalysts is essential.*1"1% The predominance of Fe** was also found in
this structure, since by only adding phenanthroline the amount of iron present was 41.48 + 1.21
nmol, and after the addition of NH2OH<HCI, the iron amount increased to 215.6 + 0.5 nmol. After
1h, it is possible to observe an increase in the iron amount, 260.7 + 0.1 and 266.6 + 0.7 nmol, for
dark and UV-light exposure, respectively. The results indicate that the UV-light effect in the
dissociation of iron is almost neglectable, being responsible for only 2.22% of the total amount of
iron (Table 5). The [Fe(phen)s]*>" complex formation mechanism would be the same as the one
proposed for hematite (Figure S8), mainly following the time-dependent mechanism, which is
responsible for the formation of 97.88% of the [Fe(phen)s]** complex. This may be related to a
different and weaker bond between iron and oxygen, due to the presence of another metal (Ni), a
different atom with a higher electronegativity in the structure, contributing to an easier and faster
dissociation. This easier dissociation may be related to the fact that since Ni has a higher
electronegativity, this would concentrate the electronic density around Ni and the bond between
oxygen and Fe would become weaker, therefore, facilitating the labilization of the iron-oxygen
bond; thus, making the UV-light exposure almost irrelevant. Besides, according to the literature,
the coordination of phenanthroline to nickel atoms has an absorption band around 292 nm,*3! and
it does not present any band close to 510 nm, therefore, even if some phenanthroline that is present
in the solution is being coordinated to Ni, it does not interfere with the iron quantification.
Therefore, the method of iron quantification with phenanthroline can also be applied for some iron-
based (oxy)hydroxides, even without the need for UV-light exposure.

CoFeOx (Figure 14e) was also studied since it has been extensively studied as a catalyst for
both electrochemical and photoelectrochemical water splitting, being able to achieve outstanding
results. And the understanding of iron amount can help understand the catalyst activity.**> The
results indicate that CoFeOx has a predominance of Fe?* on its structure, since by only adding
phenanthroline the amount of iron present was 297.2 + 1.1 nmol, and after the addition of
NH2OH*HCI, the iron amount increased to 364.1 + 0.5 nmol. After 1h, it is possible to observe an
increase in the iron amount, 398.0 £ 3.2 and 400.6 £ 0.5 nmol, for dark and UV-light exposure,
respectively. The results indicate that the UV-light effect in the dissociation of iron is almost
neglectable, since the small difference in the amount of iron in the dark and with UV-light
exposure, around 2.6 nmol, is covered by the standard deviation. The [Fe(phen)s]** complex
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formation mechanism would be the same as the one proposed for hematite (Figure S8), only
following the time-dependent mechanism, which is responsible for the total dissociation of iron
atoms and formation of the [Fe(phen)s]?*complex. Thus, it is possible to conclude that a mix of
metals, sepecially when using metals with higher electronegativity, changes the stability of Fe-O
bonds, making the dissociation easier, which makes the use of UV-light unnecessary. Besides, as
it was aforementioned and can be seen in Figure S7, the cobalt-phenanthroline complex has
absorption bands around 200 and 294 nm, and it does not present any band close to 510 nm,
therefore, even if some phenanthroline is present in the solution is being coordinated to Co, it does
not interfere with the iron quantification. Therefore, the method of iron quantification with
phenanthroline can also be applied for some iron-cobalt-based (oxy)hydroxides, presenting great
results, even without the need for UV-light exposure.

All obtained results can be found in Table 4 and the percentage of iron in each analysis is

summarized in Table 5.

Table 5. Free Fe?* percentage in each condition, assuming the last analysis as 100% of free iron.

Prussian Blue CoFePBA Fe203 NiFe(oxy)OH CoFeOx
5min — Without 0 0 0 0 0
NH,OH.HCI 11.79 % 3.24% 9.19% 1557 % 74.20 %
5min — Without 0 0 0 0 0
NH,OH.HCI 14.81 % 19.29 % 66.29 % 80.93 % 90.88 %
1h - Dark 35.37% 81.46 % 78.99 % 97.88 % 99.35 %
1h — UV-Light 100.0 % 100.0 % 100.0 % 100.0 % 100.0 %

Table 5 presents a comparison of the percentage of available Fe?* in each of the 4
conditions, assuming the last (1h — UV-Light) provides a total iron dissociation, thus, 100.0 %. As
it can be seen, PB and CoFe-PBA have a slower iron dissociation, when compared to iron oxides
and hydroxides, and present small values for free Fe?* before 1h. Besides, PB is completely
dependent on UV-light exposure for a considerable amount of its dissociation, proving its low
solubility. CoFe-PBA also depends on UV-light exposure; however, its structure bands are weaker,
and a higher amount of iron is dissociated even without UV light. Iron oxide and (oxy)hydroxide
were shown to be more soluble, presenting a higher amount of free iron even before 1h. Although

hematite still depends on UV-light exposure for a complete iron dissociation, for NiFeOOH and
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CoFex the UV-light effect on the dissociation is irrelevant. Hence, even if there are some
differences in the catalyst’s dissociation behavior, also differences related to the [Fe(phen)s]**
complex formation for further spectroscopic iron quantification, the method was proven to be

suitable for the quantification of iron in different thin films, with great and precise results.

2.4 Conclusion
The method proposed for iron quantification in thin films using 1,10-phenanthroline,
preceded by a primary treatment using UV-light to ensure a full dissociation of iron ions was shown
to be highly effective, precise, and accurate. The analysis for different iron-based catalysts shows
that the method has a wide range of applications in this area, being able to be applied for different
structures. Besides, the method stands out as an easy and practical method, that can be performed

in a fast way, at a low cost, and providing great results.
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Chapter 111

Water oxidation performance enhanced by electrochemically

designed vacancies on Prussian blue catalyst

The content of Chapter Ill is an adaptation of the article entitled “Water oxidation
performance enhanced by electrochemically designed vacancies on Prussian blue catalyst” by
Rafael L. Germscheidt, Danielle S. Francischini, Mariana B. Silva, Marco A. Z. Arruda, André L.
B. Formiga, Tulio C. R. da Rocha, Juliano A. Bonacin reprinted with permission from ACS
Applied Energy Materials Copyright © 2022, American Chemical Society, Appendix E.

Reference: ACS Appl. Energy Mater. 2022, 5, 8, 9447-9454. DOI:
10.1021/acsaem.2c00994.
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3.1 Introduction

Hydrogen is considered the most promising clean fuel for the future, however, its cleanness
is directly related to the production pathway.!*33 Therefore, water splitting (WS) has been gaining
attention in the past years, since it is the process of producing H> directly from water, via 2 half-
reactions, known as the oxygen evolution reaction (OER) or water oxidation reaction (WOR) and
the hydrogen evolution reaction (HER).8%125 Although the overall process may seem simple, the
WOR presents itself as the bottleneck reaction and requires a catalyst to be efficient.%

Different classes of catalysts for WOR have been studied in the past years, however, noble
metal catalysts are not viable in the long term. Thus, the challenge for scientists is to develop
catalysts based on Earth-abundant elements and with simple and inexpensive preparation. Among
them, metal hexacyanoferrates, in which Prussian blue analogues (PBA) are one of the most
promising examples, stand out due to their great performance, activity, and stability under mild
conditions.?98083125134 Degpite their high stability and activity, the main shortcoming is their low
concentration of active sites. Due to this, engineering the structure and defects is essential to lead
to a high concentration of active sites, and consequently a higher catalytic activity.6984-86

Increasing the catalytic activity of a catalyst is the major challenge for scientists in many
areas. In this sense, the modulation of defects in the catalysts can have direct impacts on their
properties, like band structure tunning, conductivity, magnetism, and mainly in the performance.
The most common known defect is the vacancy, which can lead to substantial structural
perturbations in the catalysts, creating changes in the electronegativity, charge concentration, and
redistribution, thus enhancing the catalyst activity.®” A few researchers reported the generation of
unusual cyanide vacancies in different PBAs using different methodologies, which exhibit low
overpotentials and high current densities for WOR in alkaline medium, exceeding the ones
previously cited for the original Prussian blue analogues 88688

Despite advances in research concerning PBA, a full understanding of the mechanism and
surface reactions remains a challenge and in situ techniques can be crucial for these studies. In this
context, scanning electrochemical microscopy (SECM), an in situ electrochemical tool can be used
to probe surface reactions, reaction intermediates and it works for both quantitative and qualitative

analysis.'® In SECM, an ultramicro-electrode (UME) works as a probe, positioned in the vicinity

of the sample surface based on the recorded current response, and the measurements can be
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performed using different operational modes.*** SECM operating on generation-tip collection
(SG/TC) mode has been used to study OER for heterogeneous catalysts, being able to identify spots
with a higher production of oxygen (concentration of active sites), giving information about when
the O, evolution actually starts (onset potential) and also comparing O> evolution reaction rates
among different catalysts.'3"-13 During these measurements, oxygen is evolved by the substrate,
where the catalyst is supported and diffuses onto the tip biased at the potential to reduce oxygen.
Therefore, the higher the tip current response, the more oxygen is being evolved.'®

Here we report a novel methodology to synthesize the Prussian blue and promote the
improvement of its properties on water oxidation by electrochemically formed vacancies. The
outstanding performance of Prussian blue with defects in the water oxidation reaction was followed
by SECM studies and the oxygen evolution was measured during the process. Furthermore, we
also proposed an alternative strategy to study and quantify the number of active sites in this type

of catalyst.

3.2 Experimental Section

3.2.1 Catalyst preparation and GCE modification
Before the modification, the GCE was carefully polished successively with 1, 0.5 and 0.3
um alumina to remove the electrode contamination and to make its surface smooth, then it was
sonicated in isopropanol for 15 minutes to remove the alumina particles and finally, rinsed with
Milli-Q water. Then, the GCE was used on the electrodeposition step as the working electrode,
saturated calomel electrode as a reference electrode and a platinum wire as an auxiliary electrode.
The potential values are reported in a function of the NHE reference electrode (Normal Hydrogen

Electrode). To calculate this potential, the following equation was used.

E vs. NHE =E vs. SCE + 0.224 V

3211 Traditional Prussian Blue
The TPB film was deposited over the FTO electrode according to the method well
stablished and optimized in the literature.!*° For this, the electrode was immersed in a solution

containing 1 mmol L™ of [Fe(CN)s]~, Immol L of FeCls, 0.1 mol L' of KNOj3 and 0.1 mol L™! of
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HCI. Then 8 cycles were performed from 0.594 to 1.024 V, on a scan rate of 8 mV s™'. After this, a

blue film was observed on the electrode. The electrode was dried before further tests.

3.2.1.2 Activated Prussian Blue
The electrode was immersed in a solution containing 1 mmol L™ of [Fe(CN)e]*, then a
potential of 2.224 V was applied to the WE for 60 seconds. After this, a blue film was observed
on the electrode. The electrode was dried before further tests. The material activation parameters
such as the best solution concentration, best voltage and best electrochemical reaction time were

previously optimized in order to obtain the best film composition and growth.

3.2.2 Electrochemical characterization

Cyclic voltammetry was used to obtain information on the presence and the characteristics
of the film on the substrate. In these experiments, the electrolytic solution used was 0.5 mol L™!
potassium nitrate, KNO3 (Aldrich).

Linear sweep voltammetry was used to study the activity of the film during the Water
oxidation reaction. In these experiments, the electrolytic solution used is the same used during the
CV experiments.

EIS experiments were performed using a 0.5 mol L™ solution of KNOs as a supporting
electrolyte. Since WOR is only controlled by kinetics, such as charge transfer rates, to have a real
comparison between the catalysts during the catalysis, EIS measurements were acquired at constant
potentials in the catalytic turnover region (2.024 V vs. NHE) with a frequengy ranging from 1 x
10° to 0.1 Hz. In this way, electrochemical circuit for the surface under study can be regarded in
analogous to the simple Randle’s cell (Figure 2c¢ - inset), indicating the occurrence of a charge-

transfer controlled reaction.14!

3.2.3 3D Printed SECM assembling and calibration

3.23.1 3D printed SECM design
The SECM cell and positioner had their design adapted from previous reports on
literature!4?-144 ysing TinkerCAD™, a free online 3D CAD design tool, as it can be seen in Figure

17. Standard tessellation language (STL) file was obtained and then the model was sliced on
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Simplify3D software to generate the G-Code language, which instructs movements of 3D-printer
(RepRap Graber i3). The SECM was printed with ABS filament and the printing parameters were
set to a resolution of 0.2 mm per layer, nozzle temperature of 230 °C and bed temperature of 100
°C. After the printing processes, all the parts were easily assembled. The electrochemical cell allows
the assembling of a 4 electrodes arrangement, due to the necessity of the use of 2 working
electrodes (WE1 — Modified with the catalyst/ WE2 — Platinum tip microelectrode). As an electrode
(GCE) was used on the bottom of the cell, a rubber O-ring was used to fix the working electrode

in the center of the cell and to prevent any leakage that could compromise the measurements.

Figure 17. 3D Printed Scanning Electrochemical Microscope (SECM) scheme. A) 3D design made on
ThinkerCat for printing details. B) 3D printed parts to assemble the 3D-Printed SECM. 1- Electrodes’
support, 2- Electrochemical cell, 3- Glassy Carbon electrode, 4- Platinum tip electrode, 5- O-ring to facilitate
the assembling, 6- SECM structure to hold the electrochemical cell. C) Assembled and working 3D Printed
SECM.

3.2.3.2  Oxygen Evolution Studies
The water oxidation studies were performed on the 3D printed SECM cell, operating at the
substrate generation — tip collection mode (SG/TC), using a 4 electrodes arrangement. Using this
mode, O; is generated on the WE1 surface, during the WOR, furthermore it diffuses towards the

WE2, biased at the potential required to reduce Oz, and the measured current can be related to the
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O: evolution, see Figure 18. The modified GCE was used as the WEI, saturated calomel electrode
as a reference electrode, a platinum wire as an auxiliary electrode, and a micro sized platinum wire
as the WE2. Using Linear Sweep Voltammetry (LSV), performed on the WEI1, from 0 to 2.224 V,
the WOR activity was evaluated. At the same time, a constant potential of -0.31 V was applied to
the WE2, while the current was monitored to identify the moment where O; would start being
evolved (changes on the reduction current), see Figure 18. By comparing both plots, it was possible
to determinate the real onset potential for the OER also having a better approach to identify the
best section to obtain the Tafel plots.

Scanning Electrochemical
Microscopy (SECM) scheme

Substrate generation, tip collection (SG/TC) mode

Platinum tip

electrode r\

H,0 o,

-

PRUSSIAN BLUE
WOR CATALYST

Glassy Carbon
electrode

Figure 18. Scheme for Scanning Electrochemical Microscopy operating in the Substrate Generate/Tip
Collection mode, used to identify and sense O production during WOR with Prussian Blue catalysts.
3.2.3.3  Oxygen Evolution Studies
The produced oxygen was measured by platinum microelectrode. The obtained reduction
current was previous related to the amount of dissolved oxygen, calibrating the PME with a

dissolved oxygen (DO) sensor, Hanna instrument.
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For the calibration, an electrolyte solution (KNO3) was purged with air to get it saturate
with Oz. Then, the dissolved oxygen was measured and straight up the reduction current was
measured (by applying -0.31 V for 60 s). The solution was then purged with N> for 20 minutes,
however the current and the dissolved oxygen concentration were measured every 2 minutes, to
obtain a calibration curve. The calibration was obtained 3 times, to have a more conclusive value

(Figure 19).
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Figure 19. Platinum tip electrode calibration. A) Study for the best reduction potential for the identification
and reduction of O2. B) Tip electrode calibration for different concentration of Oz in an KNO3 solution. The

calibration was made using HANNA electrode. Inset represents a microscopic image of the tip’s surface
end.

3.2.34 TOF Calculation
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To calculate TOF numbers, a constant potential was applied to the WEI (different
overpotentials), and the reduction current was monitored on the WE2, and the resulted value was
transformed into nO: evolved by using the calibration curve line equation. These values were used
to calculate TOF according to the equation previously reported.

Using the O2 reduction current obtained from the calibrates tip electrode, the turnover

number (TON) and turnover frequency (TOF) were calculated by the following equations:

mols oxygen

TON =
mols catalyst
TOF = 2
time (s)

To obtain the number of mols of catalyst that were deposited on the electrode surface, after
the electrochemical deposition, the GCE was lixiviated with an alkaline solution to remove the
catalyst from its surface, and then the total amount of iron was quantified by a spectrophotometric
method, according to Figure 20.

The total iron in Prussian blue films was quantified through the spectroscopic method with
1,10-phenanthroline. The use of phen to quantify Fe®" ions is a well-known method since this
bidentate chelating agent has two nitrogen atoms at the ortho positions of the rigid half-ring
structure, which can coordinate with Fe** ions, forming a complex.%? This complex can easily be
quantified by spectrochemical analysis, since the absorption band on the UV-Vis electronic
spectrum of [Fe(phen);]**, assigned to the MTCL Fe(d) — phen (n*) transitions, has an intensity
directly proportional to the [Fe(phen)s;]*" complex concentration in the solution.!? This
quantification was preceded by a film dissolution on NaOH and a UV-light treatment. The
photochemical approach was used to ensure a full dissociation of iron ions (cyanide labilization),
providing the necessary energy for the complex dissociation to happen and consequently the
complexation with phenanthroline present in the solution. An excess of a reducing agent

(hydroxylammonium chloride - NH,OH*HCl) was also added to the solution to make sure that all

free iron was converted into Fe?".
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Figure 20. Iron spectrochemical quantification for Prussian Blue films using 1,10 — phenanthroline, carried
out by a previous photochemical treatment with UV-light to labialize the cyanide and free Fe atoms to be
coordinated with phen.
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3.2.4 Electrochemical Active Surface Area (ECSA) and Heterogeneous electron
transfer rate constant (K°nbs)

The electroactive areas were evaluated by CV measurements performed at different scan
rates from 2.0 to 12 mV s ™!, according to the Randles—Sev&ick equation (3)'4°, where Ip is the peak
current, A is the electrode area, C is the concentration of the redox probe, D is the diffusion
coefficient, n is the number of electrons transferred. The redox probe wused was
Hexaammineruthenium(III) chloride - [Ru(NH3)6]Cls. The results can be seen on Figure 21 and
Table 1, and ECSA was used to calculate current density (j).

31
2v2

1
I, =2.69x 105ADCZ n2v
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Figure 21. Cyclic voltammetry performed using [Ru(NHs)e]Cls probe in different scan rates. A) Traditional Prussian
Blue. B) Activated Prussian Blue.

The heterogeneous electron transfer rate constant (k obs) was determined by the Nicholson
method™*® and calculated using equation bellow, where D is the diffusion coefficient (9.10 x 107
cm? 57! for [Ru(NH3)6]*"), o is assumed to correspond to 0.5, n is the number of electrons transferred
in the electrochemical process, F is the Faraday constant, v is the scan rate, R is the gas constant,

T is the temperature and AE, is the peak-to-peak separation.

1
2

. DanFv
K ops = 2.18( RT )

3.2.5 FTIR Spectroscopy

Infrared spectra of the samples were obtained using an Agilent Cary 660 FTIR spectrometer

in the ATR mode with a diamond crystal in the range of 400 to 4000 cm™!, resolution of 4 cm™.

3.2.6  RAMAN Spectroscopy

Raman analyses were performed using a Confocal T64000 spectrometer (Jobin Yvon, USA)
using a 532 nm laser, resolution of 2.9 cm™!, with a 100x LWD objective. The distance between the
laser and the sample was adjusted with respect to the laser focus, using the camera coupled to the

equipment. Spectrum was acquired in 60s, in the range of 100-690 cm™!, with 5 accumulations, and
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in 30s, in the range of 2000-2200 cm™!, with 5 accumulations. All Raman spectra were recorded

after instrument calibration on the internal standard silicon wafer (~ 520.7 cm™).

3.2.7 UV-Vis Spectroscopy
Spectra of FTO modified electrodes in the UV—Visible region were obtained using a
HP8453 UV-visible absorption spectrophotometer, using a 3D printed cuvette that allowed the
measurements to be done directly on the FTO electrode, 0,5x2 cm. The 3D cuvette was designed
on TinkerCAD™ and then 3D printed following the same methods described for the SECM cell.
For pyridine quantification, spectra of aqueous solutions in the UV—Visible region were
obtained using a Bel Photonics UV-M51 UV-visible absorption spectrophotometer, with a 1 cm

quartz cuvette, in the region from 200 to 450nm.

3.2.8 SEM
The morphologies of the samples were examined with a Quanta 250 field emission scanning
electron microscope (FEI Co., USA), equipped with an Oxford X-MAXS50 energy dispersive
spectrometer (EDS) (Oxford, UK). The samples were mounted in a conductive carbon tape

followed by carbon sputtered coating in a Bal-Tec MDO020 instrument (Balzers).

329 AFM
The topography and surface potential of the samples were further analysed with Atomic
Force Microscopy (AFM) and Kelvin Probe Force Microscopy (KPFM). The AFM and KPFM
images were obtained simultaneously using a Flex AFM C3000 (Nanosurf, Switzerland), operating
under dry atmosphere and with a Pt/Ir coated tip (EFM-10, Pointprobe®), resonance frequency of
75 kHz and a force constant of 2.8 N m™.

3.2.10 XPS and XAS
XPS and XAS measurements were performed at the IPE beamline of Sirius at the Brazilian
Synchrotron Light Laboratory using the photoemission endstation at the A branch. XPS was
measured using a PHOIBOS 150 analyser from SPECS. Total electron yield XAS was obtained by
measuring the drain current using a Stanford electrometer. Samples were freshly prepared and

transferred to the vacuum chamber within few hours to minimize accumulation of carbon
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contaminants at the surface. XPS spectra were measured using a photon energy of 1200 eV using
a pass energy of 20 eV. No considerable charging was observed, and kinetic energies are reported
as measured. Before collecting a complete set of spectra for each element, several survey scans
were measured at different spots of the sample to evaluate sample homogeneity and eventual beam
damage. Quantitative XPS analysis were performed by using the area of the of the most intense
peaks of each element after Shirley background removal correction by photoionization cross
section, inelastic mean free path, and ring current. For the XAS spectra a linear background was
subtracted from the data and the intensities were normalized to 1 after the edge jump around 740
eV.

3.2.11 Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-
MS)

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) is one of the
important techniques applied to elemental imaging because not only provides high spatial
distribution (5 — 110 pm) and sensitivity from the ICP-MS, but also requires minimum sample
preparation steps,'*” which contributed to the applications in medical'*® and environmental

assessments, 114

as an example. This hyphenated technique consists of a high-power laser beam
focused on the sample surface by x,y,z coordinates, and its interaction with the sample promotes
the evaporation of a small portion of such sample in the incident region and a dry aerosol is then
formed. The aerosol is transported towards the ICP-MS, in which a plasma with high energy
promotes the atomization and ionization process of the chemical elements, and the ions are
analyzed by the mass to charge ratio (m/z) through a mass detector, and the signal intensity is
detected. The final elemental image is created by correlating the signal intensity for each ion with

the laser coordinates (x,y) by adequate software.!47-13

3.2.11.1 Instrumentation and Measurements of LA-ICP-MS

The qualitative elemental spatial distribution of Fe and C was evaluated using a New Wave
UP-213 laser ablation system (LA) with an Nd:YAG (at 213 nm) laser source and a quadrupole-
based inductively coupled plasma mass spectrometer (ICP-MS, PerkinElmer ELAN DRC-¢). The
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LA-ICP-MS analysis measurements were performed in a 10,000-class clean room and the
operations conditions from ICP-M were optimized daily with an Mg, In, Be, Ce, and U solution to
check the production of mono charge ion, oxide, and double charge species, which their presence
was always lower than the tolerable limit of 3%. The LA-ICP-MS parameters were optimized for
glass sample analysis using NIST 612 certified reference material (Trace element in glass) and the

instrumental conditions used are summarized in Table 2.

Table 2. Optimized instrumental operational conditions and measurement by LA-ICP-MS.

Instrumental settings

RF Power (W) 1300
Nebulizer gas flow (L min™) 1.2
Auxiliary gas flow (L min™) 1.6
Data acquisition parameters

Peak
Reading mode hopping
Detector mode Dual
Sweeps 3
Dwell time (ms) 20
Integration time (ms) 60
Monitored isotopes 13C, 3'Fe
Laser conditions
Wavelength of Nd:YAG laser
(nm) 213
Laser ablation intensity (%) 90
Frequency (Hz) 20
Spot size (um) 100
Scan speed (um s™) 60
Average energy output (mJ) 1.80
Average fluence (J cm™) 25.6
Warm up time (s) 7
Wash out time (s) 10

Laser ablation acquisition was conducted in line scan mode, with parallel lines of 0.24 mm
from the distance between each laser line, producing a scan reading of the sample surface with 30
ablation lines in the TPB surface and 34 ablation lines in the APB surface. The ablated material

was transported to the ICP using argon as the carrier and nebulizer gas. After each ablation line,
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the chamber was purged during 10 s with argon for cleanup. The final images were built using the

freely available LA-iMageS software at http://www.la-images.net/.!*!

3.3 Results and Discussion

3.3.1 Synthesis and Characterization

Traditional Prussian blue (TPB) and activated Prussian blue (APB) were electrodeposited
on a Glassy Carbon Electrode (GCE) according to the procedures described in the Experimental
Data section in the Supporting Information. Experimental descriptions and details of the equipment
are also included in the Supporting Information section.

Traditional Prussian blue film was electrochemically deposited over the electrode through
the classic voltammetric method using Fe*" ions and [Fe(CN)s]*" complex.}#%1%2 The curves of the
electrodeposition process are presented in Figure 22 A, the image of the produced film can be seen
in Figure 22 B. Although the classical process to produce Prussian blue films is well-known,
amperometric methods bring additional new prospects and challenges, thus, the strategy consists
in applying a high and constant potential to the electrode in a solution containing [Fe(CN)s]* that
1s oxidized along with some cyanide groups. We named this material activated Prussian blue
(APB). Figure 1C shows the evolution of the measured current as the activated Prussian blue film
is deposited over the electrode surface (Figure 22 D). This classic process has different proposals
about what could can take place during the film growth, nonetheless, it is more likely that the film
is formed during the cathodic scan, when Fe*" is reduced to Fe?" (step 1) and coordinates with
[Fe(CN)]* (step 2). It is important to highlight that step 1 is potential dependent, while step 2 will

only depend on the species diffusion onto the electrode.
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Figure 22. Electrochemical data for traditional Prussian blue (blue line), activated Prussian blue (green line) and bare
glassy carbon electrode (black line). A) Cyclic voltammetry performed for traditional Prussian blue synthesis. B)
Scanning Electron Microscopy (SEM) image obtained from Traditional Prussian Blue film. C) Amperometric methods
performed for activated Prussian blue synthesis. D) Scanning Electron Microscopy (SEM) image obtained from
Activated Prussian Blue film. E) Cyclic voltammetry performed at 50 mV s! in 0.5 M KNOj solution for Glass Carbon
electrode modified with the catalysts. F) Cyclic voltammetry normalized by the current density calculated from ECSA.

Both films were characterized by cyclic voltammetry, as shown in Figure 22 E and F. TPB
and APB show an iron redox process assigned to the oxidation/reduction of Prussian White to
Prussian Blue (Fe*'/Fe?" — Fe®*/Fe?") under potential below 0.5 V, and a second process assigned
to the oxidation/reduction of Prussian Blue to Berlin Green (Fe**/Fe** — Fe'/Fe**), under potential
beyond 1.0 V. The electrochemical data obtained from the cyclic voltammogram are presented in
Table 6. In addition, the heterogeneous electron transfer rate constant>® (k%ps) is 1.0 x 10 cm s™!

for TPB and 2.2 x 103 cm s~ ! for APB, which reinforces the idea of different electronic structures.
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Table 6. Electrochemical parameters of the first and second electrochemical process of TPB and
APB.

Eal Eci AE, Ea(V) Ex(V) AEx(mV) | £ %bs x 107 (cms™)
V) (V) (@mv)

TPB 040 033 70 1.10  1.03 70 1.0

APB 045 041 40 113 1.08 50 22

Ear: anodic peak potential for the 1% process; Ee1: cathodic peak potential for the 1% process; Eaz:
anodic peak potential for the 2™ process; Eaz: cathodic peak potential for the 2™ process; 1%

process: (Fe?"-N-C-Fe?" — Fe’"-N-C-Fe?"); 2™ process: (Fe**-N-C-Fe?" — Fe?"-N-C-Fe*")1%41%

Both electrochemical processes of APB take place in slightly higher potentials than TPB,
suggesting iron species with different chemical environments.®21%61%" This potential shift to high
values indicates that although APB presents a cyclic voltammogram similar to TPB, it has a

different structure.

3311 X-ray Diffraction (XRD)

XRD analysis were carried out and can be seen in Figure 23. In both diffractograms, TPB
and APB, it is possible to identify the diffraction peaks related to the Prussian Blue structure, at 20
=17.5°24.7° and 54.2° correspond to the hkl planes (200), (220) and (600) and (620), respectively
(according to the JCPDS card No 01-0239). Only on TPB it was possible to identify the diffraction
peak at 20 = 35.4° corresponding to the hkl plane (400). However, those peaks in both materials
have different intensities, having a lower intensity for APB, indicating a few differences in the PB
structure with material electrochemical activation and possible vacancies creation. Nonetheless,
the presence of those peaks on APB indicates that characteristics of PB structure were kept by the
activated material. Besides, they both have the diffraction peaks for FTO (substrate).'>® It is also
possible to find peaks for the reactants, such as K3z[Fe(CN)s] (A), Ka[Fe(CN)g] (#) and KNOs3 (*),

that were present in the solution during the film formation.
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Figure 23. Comparison of X-Rays diffraction patterns of Traditional Prussian blue, Activated Prussian blue, Prussian
blue (obtained from literature data base, JCPDS card No 01-0239) and FTO (obtained from literature data base).**® In
both catalyst’s diffraction patterns it is possible to identify peaks related to Prussian Blue (highlighted in orange), FTO

(), Ks[Fe(CN)e] (A), Ka[Fe(CN)e] (#) and KNO3 (*)

3.3.1.2 Vibrational Spectroscopy

Aiming to have a better understanding about the catalysts structure, Raman analysis were
also carried out on FTO modified electrodes and the results can be seen on Figure 24. For both
films, it is possible to identify 2 main bands around 2158 and 2094 cm!, which can be assigned to
the Az and Eg mode of v(CN) stretching vibration, respectively. These are the bands that are
characteristic of Prussian blue analogues structures.®>° On the TPB spectra, it is possible to
identify a third band, around 2025 cm™!, which can be assigned to the stretching vibration of
[Fe(CN)s]*, a band that is characteristic of Berlin Green, where there is a predominance of Fe>*
ions, due to the oxidation process. The presence of this band in the TPB is also in the agreement
with the UV-Vis analysis, showing a higher concentration of Fe*" in the TPB and of Fe** on APB.

However, the results show that the different route of synthesis and the PB “activation” did not
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change the main Prussian blue structure. The spectra for the catalysts after the catalysis (dashed
lines) indicate no change in the structure, maintaining the bands characteristic to the PB, the v(CN)
stretching vibration, indicating no oxide was formed on the structure. For TPB it is also possible to
observe an increase in the intensity of the band around 2025 cm™!, indicating an increase on Fe*" in
the structure, since the material has been submitted to higher potentials, and it not all ions are
capable to reduce and return to their initial state. Even after catalysis, it not possible to observe this
band in the APB spectra, indicating, once again, the predominance of Fe?* and, the material’s ability
to return to the initial oxidation state.

As an attempt to prove no FeOOH by-product is formed during the TPB activation,
vibrational Raman spectroscopy was carried out on the films. As it can be seen in the spectrum
(Figure 25 A) and the assignment bands table (Table S1), no band related to FeOOH is found in
the Prussian Blue either before or after the activation process. It can only be identified the bands
related to metal (Fe)-CN vibrations. The bands around 1575 and 1880 cm! that are common to
most of the films are related to a glass (FTO-substrate) photoluminescence caused by the excitation
using the laser 785 nm during the measurements.'®® Besides, cyclic voltammetry comparing the
films (Figure 25 B) show a different characteristic for FEOOH when compared to APB and TPB,
thus, no FeOOH by-product is formed after the activation.
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Figure 24. Raman spectra obtained from the materials before and after the catalysis.
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Figure 25. Films comparison with FEOOH. A) Raman spectra obtained using a 785 nm laser excitation for the
modified FTO electrodes. B) Cyclic voltammetry performed in 0.5 M KNO3 in the modified FTO electrodes.
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Table 7. Raman bands assignment.'>*1¢!

Big Fe-CN- Ay Fe3* Fe?* Substrate  Substrate Eq Agg
FeOOH Fe FEOOH Fi,6(MC) F,d(MC)  (glass) (glass) v(CN) v(CN)
FTO@TPB - 270 - 534 - - - 2082 2142
FTO@APB - 274 - 534 600 1375 1858 2089 2149
FTO@FeOOH 246 - 379 - - 1375 1886 - -
FTO - - - - - 1379 1886 - -

Vibrational spectra (FTIR) of FTO electrodes modified with both catalysts before and after
the catalysis was performed and can be seen on Figure 26. For both catalysts, before the catalysis,
it is possible to identify the vibrational band around 2062 and 2064 cm™' for APB and TPB,
respectively. Those peaks are characteristic of C=N stretching vibration, which is considered as
the fingerprint for cyanide-based coordination compounds, thus, very common for Prussian Blue
analogues.®*#¢162 This indicates that, the Prussian blue analogue structure remains, regardless the
differences in the synthesis and the presence of vacancies. Another important band that appears in

the analysis is the broad band at around 3415 cm™!

, which is related to the O-H stretching mode of
the water molecule.® Since this band only appears for the APB, this supports our idea that CN-
vacancies were created and water molecules start to occupy these vacancies, facilitating the
intermediate access to the active sites, making the APB a better catalyst towards the WOR. It is
also possible to observe that after the catalysis, the bands shifted towards higher wavenumbers,
2074 and 2070 cm™!, for APB and TPB, respectively. This shift is related to an increase on the
metal oxidation state,®® indicating that the potential application causes it to increase, in order to
interact with the WOR intermediates, and some of them do not return to its initial state. This can

give us insights about the reaction mechanism, showing that the metal center actively participates

on the electron transfer process that takes place during the WOR oxidation.
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Figure 26. Vibrational spectroscopy characterization of the Catalysts (FTIR). Activated Prussian Blue Before Catalysis
(Green straight line), Traditional Prussian Blue Before catalysts (blue straight line), Activated Prussian Blue After

Catalysis (Green dashed line) and Traditional Prussian Blue After Catalysis (blue dashed line).

3.3.2 Catalytic activity study

TPB and APB films had their catalytic activity evaluated towards WOR. Hence, a scanning
electrochemical microscopy cell was manufactured in a 3D printer (Figure 17). The operating
principle of this device is detailed in Figure S6. The arrangement with two working electrodes
allows the evaluation of the catalyst current densities, along with an evaluation of the amount of
O being evolved, according to the SECM substrate generation/tip collection (SG/TC) operation
mode (Figure 18). The obtained results can be observed in Figure 27 and Table 8. The oxygen
evolution for APB starts first, exhibiting a lower onset overpotential, 361 mV, while the traditional

Prussian blue presented an onset overpotential of 471 mV (Figure 27 A). Furthermore, the current
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density for APB at 995 mV (the highest applied overpotential) is more than 2 times higher than the
one obtained by TPB at the same potential. The overpotential to reach j = 1 mA cm? is 711 and
599 mV for TPB and APB, respectively, with a difference of 112 mV between the materials,
showing the activation process for the APB catalyst had a direct impact on its activity towards

WOR.
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Figure 27. Water Oxidation reaction catalysis studies. Traditional Prussian Blue (blue line), Activated Prussian Blue
(green line) and bare glassy carbon electrode (black line). A) Linear Sweep voltammetry (LSV) performed at 10 mV
s'in 0.5 M KNOj3 solution in the 3D printed SECM cell, with two working electrodes set up, operating in the SG/TC
mode. Straight line represents the LSV on the WE1 and dashed line represents the O, reduction current on WE2. B)
Tafel slopes for the catalysts. C) Electrochemical Impedance Spectroscopy (EIS) performed at 1.9 V vs. NHE 1 in 0.5
M KNO; solution. D) Stability test performed at 1 mA ¢m2 in 1 in 0.5 M KNOj solution for 12 hours.

The oxygen evolution was evaluated based on the top lines (dashed lines) in Figure 27 A,
where 5.2 umol of O> was produced at 995 mV with the APB, and 1.5 pmol with the TPB at the
same overpotential. These numbers show that the production of O for the APB was approximately

3.5 times higher compared to the TPB, indicating that it has clearly improved the performance
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towards the WOR. The oxygen quantification details are presented in Supporting Information
Section 4.3. The calibration curve for O measurement is shown in Figure 19.

Under overpotential of 550 mV, APB presents a TOF of 1.5 x 10 s}, while TPB presents
a TOF of 1.6 x 102 s™!, which is almost 10 times smaller than the APB (see Table 8). Based on
these results, it is possible to state that APB has faster kinetics and higher O; production than TPB.

Table 8. Electrocatalytic information for both catalysts.

Catalyst ESCA (cm?) Onsetn (mV) n(1mAcm?) n((5mAcm?) Tafel(mV/dec) Total Fe (nmol)* TOF (s)#*

TPB 0.092 361 711 971 247 145.5 1.6x 104

APB 0.031 471 599 800 151 138.2 1.5x 1072

*iron quantification (Figure 20) and TOF calculation are described in the experimental

section for this Chapter.

The obtained Tafel slopes can provide information about how current density increases with
the applied overpotential.!®® The corresponding plots are presented in Figure 27 B, where it is
possible to observe a linear behavior between n= 300 and 360 mV, and n= 440 and 500 mV, with
Tafel slopes of 151 and 247 mV/dec for APB and TPB, respectively. These results indicate the
reaction mechanism in these materials can be different, whereas it is difficult to interpret the
pathway followed by the reaction since surface intermediates, coverage, mechanisms, and rate-
determining steps cannot be stated just by this analysis.!®* However, these values indicate the
reaction kinetics for APB is faster, making it a better catalyst than the TPB. Moreover, the APB
Tafel slope is very similar to previous results presented in the literature for PBAs. %8384

Electrochemical impedance spectroscopy (EIS) data show that modifying the GCE affects
the charge transfer process between the electrode and the electrolyte. As it can be seen in Figure
27 C, the electrochemical fit circuit presents an uncompensated resistance (Ru) and a charge-
transfer resistance (Rc) in series, and a constant phase element (CPE) in parallel connection with
Ret. Since we worked with a modified electrode, the CPE is an expression of the capacitor element
considering the electrode surface is not ideally smooth with exactly equal imaginary impedance
components. However, the values of Y° for CPE are very small and almost do not change for the
catalysts and the bare electrode. This is related to the fact that the capacitor impedance becomes

negligible and acts only as a short-cut, facilitating the current flow. Thus, the impedance is only
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dictated by Ry and Re..*! The reported values for R, were used for the IR drop compensation for
the catalysis study and the R values were considered to be the charge-transfer resistance for the
catalysts and the bare electrode, as it can be seen in Figure 27 C. As expected, the Rt increases
with the GCE modification, since the electrode surface is not in direct contact with the electrolyte.
When comparing both catalysts, they present Ret of 800 and 840 Q for APB and TPB, respectively.
These results indicate the creation of defects on APB decreased the R, suggesting a better electron
transference inside the material, and this could explain the catalysis improvement. These results
agree with the k%ps values shown above.

Stability tests were also carried out and they have showed the catalysts’ activity operating
at 1 mA cm? during 12 hours of electrolysis (Figure 27 D). Both catalysts have presented good
stability at neutral pH. after 12 h. APB has an overpotential of 615mV at the beginning of the test,
increasing it to 624 mV at the end, losing approximately 1.44% of its activity. Traditional Prussian
Blue decreased its overpotential from 793 mV to 780 mV (1.63% lower). It is worth mentioning
that there is no previous report of the TPB being a good catalyst for WOR, however, a change in
the catalyst synthesis route to produce defects, created a new class of iron PB, having a great
activity towards WOR, probably related to changes in the structure that facilitates the oxidation of

water.

3.3.3 Spectroscopy studies

The electronic spectra of the films can be seen in Figure 28. For lower wavelength values
(Figure 28 A), both catalysts present two distinct bands. The first band is assigned to the 'Tj; —
A1 ligand field transition of Fe** and the second one to the Tig — T ligand field transition of
Fe’*.123 A bathochromic shift for the Fe*" band when comparing TPB (A = 365 nm) and APB (A =
398 nm) is observed. This shift can be associated with the formation of more CN" vacancies on the
APB structure, leading to the coordination of water molecules on these vacancies. This could be
explained by the fact that the ligand aquo (oc-donor) is a weaker © acceptor than cyanide, thus, the
substitution of CN™ by H,O would decrease the metal d orbitals splitting, therefore, decreasing its
energy and shifting the band towards higher wavelengths, as observed.®%1% For the second band,

assigned to transitions on Fe**, the shift is almost negligible, located around A = 416 and 425 nm

R. L. Germscheidt, Ph.D. thesis



Chapter lll. Electrochemically desighed vacancies on Prussian blue catalyst 78

for TPB and APB, respectively. This small shift shows the changes in the structure are probably
being created only at the Fe?" sites.

Figure 28 B shows intervalence charge-transfer band, characteristic of Prussian Blue. This
band represents the intervalence between Fe?"-CN-Fe*" and Fe**-CN-Fe?" states.%>1%” When we
compare the intervalence band of TPB (A= 723 nm) and APB (A= 679 nm), it is possible to observe
a hypochromic shift. The intervalence band position is related to the PB level of oxidation, in which
a higher level of oxidation shifts the band to higher wavelengths, having higher energy due to some
destabilization in the structure.'®5167:168 Thus, these results indicate that APB has a lower level of
oxidation, suggesting Fe?" is predominant in its structure. In the case of TPB, this band appears at
higher wavelengths, indicating a higher level of oxidation, with relatively more Fe*" present in its
structure. Hence, combining the observations from the ligand field and intervalence transitions, we
propose the enhanced activity of APB arising from the presence of Fe?" with an altered coordination

shell comprised of water molecules partially substituting the CN".
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Figure 28. Spectroscopy studies and test with pyridine. Traditional Prussian Blue (blue line), Activated Prussian Blue
(green line) and Activated Prussian Blue with pyridine (green dashed line). A) UV-Vis electronic spectrum from 350
to 460 nm of catalysts on FTO electrodes. B) UV-Vis electronic spectrum from catalyst’s intervalence band, from 550
to 950 nm. C) UV-Vis electronic spectrum from 350 to 460 nm of Activated Prussian Blue with and without pyridine.
D) O; evolution current of Activated Prussian Blue with and without pyridine.
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As an attempt to verify the presence of vacancies in the APB structure, the modified
electrode was immersed in pyridine. As a ligand, pyridine should coordinate to the vacant sites,
replacing aquo ligands, and a metal-ligand charge transfer (MLCT) band in the electronic spectra
must be observed. Figure 28 C shows the APB electronic spectra before and after the immersion
in pyridine, and the MLCT band can be observed, indicating the coordination of pyridine into the
defective Fe?" site.!921%° Besides, catalysis experiments were performed again, after the APB film
immersion in pyridine, and no O» production was observed (Figure 28 D), indicating that the Fe**
active sites were blocked by pyridine. This is another indication of the presence of vacancies on

APB and that the active sites are the Fe?". The same test was carried out for TPB film, and no

significant changes were observed in the electronic spectra (Figure 28).
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Figure 29. Spectroscopy studies and test with pyridine for Traditional Prussian Blue film.

Since the preliminary analysis indicates CN™ leaving the structure, mass spectroscopy (MS)
was carried out in the solution after the film deposition, believing when CN~ leaves the structure,
it reacts with the water present in the solution, forming isocyanate (OCN), that can form later an
adult with hydronium (H30"), forming OCN™--"OHs. This adult could be identified by mass
spectrometry, having a mass to charge ratio of 62.02 (Figure 30), endorsing the proposal that CN-

is removed from the APB framework, allowing the coordination with water.
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Figure 30. Mass spectra obtained from the [Fe(CN)g]* solution after Activated PB was synthetized to identify the

Isocyanate ion.

Based on the previous results and the experimental evidence, herein we proposed a general

scheme for the formation of defects in the APB structure (Figure 31). We believe these defects are

characterized as cyanide (CN") vacancies, and H>O molecules take their place, enhancing the WOR

performance. Nonetheless, more in-situ experiments and DFT calculations must be carried out in

order to validate this proposal.

Figure 31. Scheme proposal for the vacancies creation on Activated Prussian Blue.
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3.3.4 Morphological characterization

3.34.1 Scanning Electron Microscopy coupled with EDS (SEM-EDS)

The catalysts’ morphology was also evaluated using scanning electron microscopy coupled
with EDS (SEM-EDS), to have a better understanding on how the catalyst was on the electrode
surface. As it can be seen on Figure 32, both catalysts are widely distributed over the surface,
however TPB presents larger particles than APB, which is probably related to the film thickness,
due to the different deposition methods that were used. Another interesting feature is that TPB
appeared as cubic particles, while APB appeared as shapeless particles, showing that the catalyst
“activation” probably influenced the morphology. Although, for both catalysts EDS analysis show
the presence of iron, carbon and nitrogen all over the surface, showing that the materials are
presented on a great area of the electrode. Further morphological characterization was conducted,
and more SEM images were obtained, with a greater approximation (Figure 33). These new images
confirm the TPB particles are bigger and spread in a higher volume over the FTO substrate.
Besides, the particles present themselves as a cluster, where the cubic particles are aggregated.
Meanwhile, although the APB particles are well spread over the film (EDS analysis confirms Fe
homogeneously spread over the film - Figure 34), they are presented as smaller non-aggregated
particles, and it can be responsible to increasing the electrode surface area, improving the
electrode’s performance towards WOR. Furthermore, these differences in the morphology are

related to the different electrochemical synthesis methods that were used.

R. L. Germscheidt, Ph.D. thesis



Chapter lll. Electrochemically desighed vacancies on Prussian blue catalyst 82

Figure 32. Scanning Electron Microscopy (SEM) with EDS mapping of the catalysts. (A) Traditional Prussian Blue.
(B) Activated Prussian Blue.
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Figure 33. Scanning Electron Microscopy (SEM) of the catalysts. (A) Amplified in 30,000 times. (B) Amplified in
60,000 times. (C) Amplified in 120,000 times.

A B
-
o ' o

Energy (KeV)

Energy (KeV)

Figure 34. Scanning Electron Microscopy (SEM) coupled with EDS of the catalysts. (A) Traditional Prussian Blue.
(B) Activated Prussian Blue.
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3.3.4.2  Atomic Force microscopy

The films surface structure and surface potential were also evaluated using atomic force
microscopy and Kelvin probe force microscopy. Although both films are widely distributed over
the surface, 2D and 3D AFM images of the films, shown in Figure 35, reveal that TPB films do
not cover the surface evenly, while APB films present a more even distribution over the surface.
Additionally, KPFM images shown in Figure 35 allow us to highlight areas where a smaller
amount of the catalyst is observed on the surface (dark blue regions) in contrast with areas with
greater accumulation of material (red regions). In this sense, although KPFM images show a
heterogeneous distribution of surface potential for both films (which can be attributed to
incomplete coverage of the substrate surface on the analysed region), it can be observed that APB
films present high surface potential points distributed all over the analysed surface, while there are
only concentrated higher surface potential regions on TPB films. Furthermore, we compare TPB
and APB films applying the same size scale to AFM and same voltage scale to KPFM images: the
images presented in Figure 36 highlight that APB particles are smaller (average size = 0.2997 pm)
and present greater surface potential (average potential = 0.6879 V) compared to TPB material
(average values are 0.9440 pm and 0.3635 V). The average size observed agrees with the
morphological characterization, confirming that APB films present smaller structures compared to
TPB films. On the other hand, the increase in surface potential of APB compared to TPB indicates
a surface with lower charge dissipation capacity which can be associated to the electrochemically

CN" vacancies created.
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Figure 35. AFM and KPFM images of the samples obtained in a 3 um x 3 pum area of the films. A) 3D and B) 2D
AFM image of TPB film; C) KPFM image of TPB film; D) 3D and E) 2D AFM images of APB film; F) KPFM image
of APB film.
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Figure 36. AFM and KPFM images of the samples obtained in a 3 pm x 3 pum area of the films under the same scale
A) 3D and B) 2D AFM image of TPB film; C) KPFM image of TPB film; D) 3D and E) 2D AFM images of APB
film; F) KPFM image of APB film.
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3.3.5 Synchrotron-based soft X-ray spectroscopy

Synchrotron-based X-ray photoelectron spectroscopy (XPS) and soft X-ray absorption
spectroscopy (XAS) (experiments were performed at IPE beamline of the synchrotron light source
Sirius, at the Brazilian Synchrotron Light Laboratory (LNLS)), were used to probe the surface
composition and Fe speciation of the films to assist the understanding of the nature of the defects
on APB. As it’s shown in the survey plot (Figure 37 A), from 1200 to 0 eV, the peaks related to
Fe 2p (708 eV), O 1s (531 eV), Sn 3d (485 eV), N 1s (397 eV), C 1s (284 eV) and K 2p (284 eV)
can be identified. The presence of Sn can be assigned to the substrate used as the electrode; fluorine
doped tin oxide coated glass.

By analysing the Fe 2p peak, it is possible to obtain information about different oxidation
states presented in the films. In both cases, it is possible to identify the presence of Fe?* and Fe3*
on the film surface (Figure 37 B), agreeing with the well-known Prussian Blue structure, formed
by a mixed Fe?*** valence. TPB presented peaks around 708 and 710 eV assigned to 2ps2 Fe?* and
Fe3* respectively, and peaks around 720 and 723 eV assigned to 2p12 Fe?* and Fe3* respectively,
also presenting a satellite at 715 eV, assigned to Fe?*. Meanwhile, APB presented peaks around
708 assigned to 2ps. Fe?*, and peaks around 721 and 723 eV assigned to 2pi» Fe** and Fe®*
respectively, also presenting a satellite at 716 eV, assigned to Fe?*.1’® The observed differences in
the Fe 2p peak between TPB and APB indicates that although the films are similar in elementary
composition, the structure and oxidation state over the film surface are different. The ratio between
Fe?*/Fe® is 1.15 and 2.31 for TPB and APB respectively, indicating a predominance of Fe?* in the
APB structure. This is in accordance with our experimental data, since APB was synthesized only
from [Fe(CN)s]*, indicating that only a part of these iron atoms are oxidized, and the mixed valence
in the Prussian Blue framework is predominated by Fe?*, indicating differences in the material’s
structure after the material activation.

X-Ray absorption spectroscopy (XAS) measurements were also carried out in the films and
the Fe L-edge was analyzed in both cases (Figure 37 C). The main differences in the spectra related
to the L2 and L3 areas main shape are related to the predominance of Fe?" in the APB structure,
thus, its spectra is similar to the one of K4[Fe(CN)s], while the one for TPB resembles the
K3[Fe(CN)s] spectrum.!’* Furthermore, the APB spectra is shifted in 0.3 eV towards lower energies
when compared to the TPB spectrum. This shift is observed for all peaks except the one at lowest

energy (708 eV), which is assigned to the transition to the additional tag hole in the d manifold on
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going from low-spin Fe(Il) (t2c°) to low-spin Fe(IlI) (t2,°). The energy position of this feature
relative to the main multiplet packet is affected by both 10Dq and multiplet interactions, thus it
would not be affected by changes in the LUMO energy caused by a different crystalline field
arrangement. As proposed by Hocking et al,*"* when a stronger  acceptor is replaced by a weaker
7 acceptor, the metal d orbitals splitting decreases, leading to a decrease in the LUMO energy, thus,
this effect appears in the XAS spectra with a shift towards lower energies. Since in the APB XAS
spectra it is observed a shift towards lower energies. The observed shift towards lower energies
observed in the APB XAS spectrum indicates the replacement of CN™ (strong © acceptor ligand),
by a weaker m acceptor ligand. These results support our proposal of created vacancies: CN™ ligands
were removed from the structure through the activation process and replaced by aquo ligands,
which are weaker © acceptor ligands compared to CN". Therefore, this is spectroscopy evidence of

the creation of CN" vacancies in the APB structure.
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Figure 37. Synchrotron based soft X-ray spectroscopy for TPB (blue) and APB (green). A) XPS survey spectra with
main peaks assigned to their respective elements and transitions. B) high resolution Fe 2P spectra. C) Fe L-edge XAS
spectra.
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3.3.6 Laser ablation inductively coupled plasma mass spectrometry (LA-1CP-
MS)

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)!0L147.148
analysis was carried out as an attempt to obtain qualitative information about the Fe/C ratio and
spatial distribution on the film and to confirm the vacancy formation. The results presented on
Figure 38 and Figure 39 indicate the distribution of Fe and C over the TPB and APB films and
both films show a homogeneous distribution of iron all over the film, indicating a good film
deposition. The difference in the Fe signal intensity concentration for both films can be related to

the different electrochemical method of synthesis, not indicating great differences in the materials.
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Figure 38. LA-ICP-MS qualitative mapping for Fe on TPB film. Inset represents the film picture with the scan area
highlighted.
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Figure 39. LA-ICP-MS qualitative mapping for Fe and C on APB film. Inset represents the film picture with the scan
area highlighted.
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Furthermore, these results were used to study and identify the presence of vacancies in the
APB film. Since we believe the film has CN" electrochemically formed vacancies, the removal of
CN- from the structure would increase the ratio between Fe and C. Therefore, to analyze and
identify the presence of vacancies in the APB structure we investigated and compared the Fe/C
ratio for both films. Figure 40 shows a 3D mapping on the Fe/C ratio intensity for both films,
indicating a higher Fe/C ratio for APB with an average value of 39.7, while for TPB shows a Fe/C
ratio in the range of 2.7 (Figure 40), which is close to the nominal value for the Prussian Blue
structure, 2.9.%° According to this, APB has the Fe/C ratio 14.7 times higher than TPB, indicating
a lower concentration of carbon in the APB, and it can confirm the loss of carbon (as CN") during
the film synthesis. Therefore, these results and their comparison can confirm APB activation
process and synthesis route have created CN~ vacancies on the film, and it directly affects and
improves the catalyst activity and performance towards WOR, resulting in a lower overpotential
and higher TOF values, as it has been previously discussed. Besides, it is also worth mentioning
that increasing the Fe/C ratio by 14.7 times had also increased the TOF by almost 10 times; thus,

the creation of vacancies in the structure enabled the catalyst to produce more O».
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Figure 40. Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) qualitative mapping to obtain
the ratio between Fe/C in the TPB and APB films.

3.3.7 Active Sites quantification

Based on the results and with the belief the active sites in the APB are vacancies in Fe?",
we proposed a method to quantify these active sites and obtain a more accurate value for TOF.

Since previous experiments proved the coordination of pyridine in the active sites (Figure 28),
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eradicating the catalysis, it was used for quantifying active sites in the APB. In this way, after
immersing the films in pyridine, washing them with water and dissolving them in NaOH, the
pyridine left in the catalyst solution was quantified by a spectroscopic method, and the result is
believed to be direct related to the number of active sites. We made this assumption since the
pyridine coordinated to the active sites during the film immersion, became part of the solution after
the film dissolution. The pyridine concentration was obtained according to a calibration curve
previous prepared.

As it can be seen in the pyridine electronic spectrum (Figure 41) 3 main peaks can be
identified around 252, 256 and 258 nm, with a maximum at 258 nm. Since pyridine is a heterocyclic
compound, these peaks can be assigned to the electronic transitions resulting from the combination
of 1 — ©* and n — n* transitions. In this work, the maximum absorbance at 258 nm was used for
the calibration curve and pyridine quantification, further relating it to the number of active sites in

the APB.
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Figure 41. Calibration curve for pyridine for different solution concentrations using UV-Vis spectroscopy.

In this sense,

Table 9 presents a comparison between ECSA, the total amount of Fe, the number of active
sites, TOFota, and TOF s for APB. As it can be seen, when TOF is calculated using the total amount
of iron, is in the range of 102. However, when the number of active sites is exclusively considered,
it increases to a range of 107!, increasing it by 14.80 times. Thus, this experiment shows an

outstanding activity for a PBA never reported before (0.2170 s™'). Besides, it is important to
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highlight that these results are related to a PBA containing only iron atoms, without the

modification with other elements (e.g. Co, Ni, Cu, etc.)

Table 9. Electrocatalysis information for APB, based on the quantification of active sites with pyridine.

ECSA Total Fe Fe Active sites TOFtotal TOF cat* TOFww/TOF
(= 0.008) (£ 0.50) (£0.97) (+0.0023) (+0.0110) total cat
APB 0.0313 cm?  138.15 nmol 8.81 nmol 0.0149 s°! 0.2170 s°! 14.78

* Since TPB does not have enough vacancies for pyridine coordination and quantification, TOF ¢, was only

calculated for APB.

3.4 Conclusion

In summary, we presented an alternative and simple way to synthesize Prussian blue with
vacancies created by an electrochemical method. The new material was used as a catalyst, showing
an outstanding performance in the water oxidation reaction. Spectroscopic analysis using pyridine
as a molecular probe indicated the presence of vacant Fe?' sites on APB structure, and the
quantification of these sites allowed the obtention of a higher TOF number never reported. Since
this 1s a simple method to produce vacancies in an Earth-abundant element catalyst, our results
open a great opportunity to study other PBA with those electrochemically formed vacancies,

expecting outstanding activities towards the water oxidation reaction.
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Chapter IV

Electrochemical designed cyanide vacancies influence on CoFePBA-based

catalysts boosted performance during the Oxygen Evolution reaction under

mild conditions

The content of Chapter IV is an adaptation of the manuscript under preparation for
publication entitled “Electrochemical designed cyanide vacancies influence on CoFePBA-based
catalysts boosted performance during the Oxygen Evolution reaction under mild conditions” by

Rafael L. Germscheidt, Ana B. S. de Araujo, Jodo P. B. de Souza, Eduarda Q. Machado, Marco A.
Z. Arruda, Tulio C. R. da Rocha, Juliano A. Bonacin.
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4.1 Introduction

Hydrogen presents itself as a great alternative and a symbol for a sustainable world.”?* It
has a wide range of applications, including in the petrochemical industry, helping with petrol
refining; in the chemical industry, being the feedstock for ammonia production (the main source
for fertilizers); and also as a fuel source through combustion or in Fuel Cells.? Moreover, the
hydrogen demand has been increasing in the past few years and it is expected to increase even more
in the next few decades. Nonetheless, all hydrogen environmental advantages are related to its way
of production and the green and sustainable hydrogen can be obtained from a well-known process
named Water Splitting (WS).2¢

During the WS process, hydrogen is produced through an electrochemical process, where
at the anode oxygen is evolved, in a process called Oxygen Evolution reaction (OER), providing
the necessary electrons and protons so hydrogen can be evolved through the Hydrogen Evolution
reaction (HER) at the cathode. Nevertheless, the bottleneck reaction, the OER, is both kinetic and
thermodynamic unfavorable and it requires a catalyst to be efficient.33°35

In the search for cheap and earth-abundant catalyst that operate under mild conditions for
OER has brought attention to Prussian Blue analogues (PBAs).*1?12 They are represented by
M1x[M2(CN)s]), Where M2 is an hexacyanometalate that plays a structural role and it can
modulate the donor-acceptor effect to the other metal and My a first-row transition metal and it is
coordinated to the N atoms forming a 3D network.’®¥ This material is also very interesting for
presenting a mixed spin/valence structure, and for the OER, the CoFePBA is widely
studied358384125.134 and it is usually organized with Fe3* d° in a low spin configuration, while Co?*
d® assumes the high spin configuration.8182 Although having a great performance, their activity is
limited by the low concentration of active sites, thus, the design and creation of vacancies can be
the best strategy to increase number active sites and improve their catalytic activity.>*!2

Furthermore, synchrotron-based soft X-ray spectroscopy, including X-ray absorption
(XAS) and X-ray photoelectron spectroscopy (XPS) are element-specific methods that allow
the probing of materials composition, different valence states in the elements and can provide
insights about electronic states.>’®1* Thus, their unique sensitivity can help to probe and identify

vacances and structural changes on earth-abundant based catalysts, with an highlight to PBA.*
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Hance, this chapter presents the creation of electrochemically formed cyanide vacancies in
a CoFe Prussian blue analogue. The enhancement on the catalytic activity was probed by
quantifying the amount of oxygen evolved and then related to the improvement in cyanide
vacancies within the structure. Furthermore, synchrotron based soft X-ray spectroscopy was used
to investigate and probe these vacancies and gave insights on their role in the modulation of
metallic sites oxidation states.

4.2 Experimental Section

4.2.1 Catalyst preparation and substrate modification
FTO substrates of 1 x 2.5 cm? were cleaned using isopropyl alcohol in an ultrasonic bath
for 10 minutes, rinsed with distilled water, and cleaned again in an ultrasonic bath using distilled
water for 10 minutes. After that, the substrates were annealed in a muffle at 400 °C for 30 minutes.®
Then, the FTO was used on the electrodeposition step as the working electrode, Ag/AgCl 3.5M

electrode as a reference electrode and a platinum wire as an auxiliary electrode.

4211 CoFe Prussian Blue analogue
The electrode was immersed in a solution containing 0.1 mol L™ of C02(SO4)3, 0.1 mol L™!
of KNOs3 and SuL of H>SOs, then a potential of -1.5 V x Ag/AgCl 3.5 M was applied to the WE for
60 seconds and the metallic film was formed over the surface. Then, this film was oxidized by
immersing the electrode in a solution containing 10 mmol L' of K3[Fe(CN)s] and a potential of
0.5V x Ag/AgCl 3.5 M was applied to the WE for 250 seconds, a brown film was observe on the

electrode. The electrode was dried before further tests.

4212  Activated CoFe Prussian Blue
The electrode was immersed in a solution containing 0.1 mol L™ of C02(SO4)3, 0.1 mol L™!
of KNOs3 and SuL of H>SOs, then a potential of -1.5 V x Ag/AgCl 3.5 M was applied to the WE for
60 seconds and the metallic film was formed over the surface. Then, this film was oxidized by
immersing the electrode in a solution containing 10 mmol L' of K3[Fe(CN)s] and a potential of
2.2V x Ag/AgCl 3.5 M was applied to the WE for 250 seconds, a brown film was observe on the

electrode. The electrode was dried before further tests.
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4.2.2 FElectrochemical characterization

All electrochemical measurements were carried out in a 0.5 mol L' KNOs electrolyte, using
a 3-electrode arrangement. With a Ag/AgCl 3.5 M working as the reference electrode, Platinum
wire as the auxiliary electrode and FTO modified substrate as the working electrodes.

The water oxidation studies were performed on the 3D printed SECM cell, operating at the
substrate generation — tip collection mode (SG/TC), using a 4 electrodes arrangement. The cell
design was adapted for FTO from the system developed by our group and described in details on
Chapter II1.# Using this mode, Oz is generated on the WE1 surface, during the WOR, furthermore
it diffuses towards the WE2, biased at the potential required to reduce O, and the measured current
can be related to the Oz evolution. The modified FTO electrode was used as the WE1, Ag/AgCl
3.5 M as areference electrode, a platinum wire as an auxiliary electrode, and a micro sized platinum

wire as the WE2.

4.2.3 Further characterization
Further characterization methods including Vibrational Spectroscopy (Raman)
characterization for the materials; FElectrochemical Active Surface Area (ECSA) and
Heterogeneous electron transfer rate constant (k°ps) calculation; UV-Vis Spectroscopy
characterization for the materials; SEM images; XPS and XAS analysis and LA-ICP-MS
measurements followed the same methods and parameters reported by our group in a recent

publication* and presented in the experimental section on Chapter II1.

4.3 Results and discussion

4.3.1 Synthesis and Characterization

4311 Film synthesis

Cobalt-Iron Prussian blue analogue (CoFePBA) and activated Cobalt-Iron Prussian blue

analogue (ACoFePBA) were electrodeposited onto a FTO electrode substrate according to the
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procedures described in the Experimental Section. CoFePBA was deposited according to a method
already described in the literature, consisting of a chronoamerometry.®® and the current evolution
curves can be seen on Figure 42. In this way, first a metallic cobalt (Co®) film is obtained by the
reduction of Co?" present in the electrolyte (Figure 42 A). Then, the film is oxidized to Co** in the
presence of [Fe(CN)s]*, leading to the formation of CoFePBA (Figure 42 B), a 3D framework
with a general structure like Coy[Fe(CN)e].nH20.838 Moreover, ACoFePBA was deposited
according to an activation method proposed by our group,* in which after the Co® film deposition,
the electrolyte containing [Fe(CN)s]> was oxidized along with some cyanide groups, due to a high
potential application (Figure 42 C). This resulted in the material activation due to the formation of

some cyanide vacant sites that are replaced by water.
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Figure 42. Current evolution during the catalysts film deposition. A) Metallic cobalt deposition. B) CoFePBA
deposition and C) ACoFePBA deposition.

4.3.1.2  Morphological Characterization

The electrodes were characterized by Scanning electron microscopy (SEM) in order to get
some information about how the films were spread over the electrode, and also to understand if the
material activation has some morphological impact. The results can be seen in Figure 43 and no
huge differences can be observed in the material morphology with the activation process. CoFePBA
structure is more shape-defined, presenting the square shaped-like structure reported for PBAs.
Besides, these particles are presented in a more agglomerated way in some parts of the film.
Furthermore, ACoFePBA presents a more amorphous structure, with smaller particles spread in a

better way over the thin film, with a lower appearance of agglomerated areas. Nonetheless, SEM
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images for both materials suggest that material synthesis resulting in the electrodes modification

was successful.

CoFePBA - before catalysis

Figure 43. Scanning Electron Microscopy (SEM) of the as prepared catalysts (before catalysis).

4.3.1.3  Spectroscopy studies

Furthermore, the catalysts were characterized by vibrational Raman spectroscopy to gain a
deeper understanding on their structural properties and the results can be seen in Figure 44 A. As
it is shown, both materials present the bands related to the cyanide stretching vibrations (v(CN)),
known as the fingerprints from PBA structures, indicating that the material activation maintains
the PBA general framework. The two main observed bands can be assigned to the Ay and Eg mode
of v(CN) stretching vibration.*121%176 Moreover, it is possible to notice a shift towards higher
wavelengths for these bands, going from 2098/2130 cm™! for CoFePBA to 2105/2140 cm™ for
ACoFePBA. This shift can be assigned to iron species with a higher oxidation state that are
probably present in the material structure after the activation and probable vacancies formation.
This can be related to the fact that higher metal oxidation states can strengthen o-bonding and since
electrons are removed from a weakly anti-bonding orbital, the metallic center oxidation can result

in the increasement of the v(CN), thus, shifting the bands towards higher wavelengths.?>%7’
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Therefore, this can indicate that the activation process, linked with the formation of cyanide

vacancies, can modulate the metals oxidation state as a way to introduce neutrality in the structure.
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Figure 44. Spectroscopic characterization. CoFePBA (pink line) and Activated CoFePBA (blue line). A) Raman
spectra obtained using a 785 nm laser excitation for the modified FTO electrodes to study the materials v(CN)
stretching vibration. B) UV-Vis electronic spectrum from 350 to 500 nm of catalysts on FTO electrodes.

UV-Visible electronic spectroscopy was also used to probe the catalysts’ structure and the
results are shown in Figure 44 B. As it is presented, both materials present 2 distinct bands and can
be assigned to the 'Tiy — 'Aig ligand field transition of Fe*" and to the *T1y — T ligand field
transition of Fe>", respectively.}?® The comparison between both of them indicates that the material
activation process (ACoFePBA) results in a bathochromic shift for both bands, going from 370 and
444 nm for CoFePBA to 380 and 459 nm for ACoFePBA. As discussed in chapter III and recently
published by our group, this bathochromic shift can be associated with the formation of CN-
vacancies with the material activation.* The creation of CN- vacancies during the material
activation implies in the substitution of CN”by some water molecules. The ligand aquo, a o-donor,
is known as a weaker m acceptor comparing with cyanide, thus, its substitution would result in the
decreasing on the metal d orbitals splitting. Therefore, resulting in a shift of the band towards higher

wavelengths, as it can be observed in the plot (Figure 44 B).165166
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4.3.14  Electrochemical paraments

Some electrochemical parameters such as Electrochemical Active Surface Area (ECSA),
heterogeneous electron transfer rate constant (ks) and superficial concentration of electroactive
Co?* sites ([CoJsurt) were determined from cyclic voltametric characterization. These paraments
helped us to understand how the activation process impacts the material during electrochemical

studies and the CV plots are shown in Figure 45.
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Figure 45. Cyclic voltammetry performed using [Ru(NHs)s]Cls probe in different scan rates. A) CoFePBA. B)
ACOFePBA. Cyclic voltammetry performed at 100 mV s™! in 0.1 mol L' KNO; electrolyte for superficial cobalt sites
determination. C) CoFePBA and D) ACoFePBA.

ECSA were obtained by CV measurements (Figure 45 A and B) performed using
[Ru(NH3)6]Cls as a redox probe at different scan rates (5.0 to 500 mV s™!), according to the
Randles—Sevéick equation (3)15, where Ip is the peak current, A is the electrode area, C is the
concentration of the redox probe, D is the diffusion coefficient, n is the number of electrons

transferred.

R. L. Germscheidt, Ph.D. thesis



Chapter IV. Electrochemically designed vacancies on CoFePBA 102

31
2v2
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I, =2.69x 105ADCZ n2v

The reported ECSA values for CoFePBA and ACoFePBA are 0.29 = 0.03 and 0.34 + 0.03
cm?, respectively. This small difference can be considered negligible since it falls within the
calculated standard deviation, showing the material activation, although changes the particles sizes
and agglomeration, it does not affect ECSA.

Moreover, the heterogeneous electron transfer rate constant (k obs) could be determined
from the same measurements following the Nicholson method,'*® using equation bellow, where D
is the diffusion coefficient (9.10 x 107® cm? s™! for [Ru(NH3)s]**), a is assumed to correspond to
0.5, n is the number of electrons transferred in the electrochemical process (1 in this case), F is the
Faraday constant, v is the scan rate, R is the gas constant, T is the temperature and AE, is the peak-
to-peak separation. The reported values for CoFePBA and ACoFePBA are 0.20 £ 0.03 and 0.92 +
0.00, respectively. This improvement in 4.6 times indicates that the material activation and cyanide

vacancies creation can result in faster kinetics related to electron transfer.

a*nF
exp|— RT AE,

Finally, the superficial concentration of electroactive Co*" sites ([CoJsut) Was obtained

1
2

. DanFv
K ops = 2.18( RT )

according to a method reported in the literature,'’®

of 0.1 V s! (Figure 45 C and D). The resulting CV is normalized by the ECSA and the area

consisting in a CV measurement with scan rate

corresponding to the peak of the Co®"/Co*" reduction can be determined by the peak integration.
Furthermore, since the reduction of Co®" to Co®" involves the transference of a single electron, the
exact molar concentration of electroactive Co?" sites can be determined according to the following
equation, where A is the area of the redox process peak (V A cm™), S is the scan rate (V s), e is

the elementary charge (1.602 x 10°C) and NA is the Avogadro constant (6.022 x 10>} Mol ):

[Colwrt = 0N,
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The reported results show an increase in the ([Colsurt. sites for ACoFePBA, going from
4.07 = 0.10 nmol for CoFePBA to 9.52 + 0.77 nmol for ACoFePBA. This increase can be attributed
to the creation of vacancies, resulting in the substitution of cyanide by water in some metallic sites.
Thus, it is possible to state that the creation of vacancies affects the number of active sites in the

material.
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Figure 46. Electrochemical characterization on the FTO modified electrodes. CoFePBA (pink line), Activated
CoFePBA (blue line) and bare FTO electrode (gray line). A) Cyclic voltammetry performed at 50 mV s in 0.1 mol
L' KNOjs solution. B) Electrochemical Impedance Spectroscopy (EIS) performed at 1.7 V vs. NHE in 0.1 mol L"!
KNO; solution. Linear Sweep voltammetry (LSV) performed at 10 mV s in 0.1 mol L' KNO; solution in the 3D
printed SECM cell, with two working electrodes set up, operating in the SG/TC mode. Straight line represents the LSV
on the WE1 and dashed line represents the O, reduction current on WE2. B) Tafel slopes for the catalysts.

Cyclic voltammetry was performed at 50 mV s in 0.1 mol L' KNO3 electrolyte to get a
better understanding on the redox processes for both materials and the results are presented in
Figure 46 A. CoFePBA (pink line) and ACoFePBA (blue line) cyclic voltammogram present
similar shapes, with three main redox waves around 0.9, 1.03 and beyond 1.3 V (vs. NHE) that can
be assigned to Fe?*/Fe**, Co*"/Co®" and Co**/Co*" oxidation process respectively, suggesting that
they have similar structures.*®® However, some differences in the redox potentials can be observed
by comparing both films and these changes can indicate a differences in the ACoFePBA structure,
besides iron/cobalt species in a different chemical environments with the material activation.

Moreover, we highlight the increase in the Co®"/Co*" oxidation potential when comparing
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CoFePBA (1.37 V) and ACoFePBA (1.44 V). This increase in the redox potential can be related to
the substitution of some cyanide by water molecules during the material activation, due to the fact
that the replacement of the nitrogen from CN™ by a H>O is reported to increase the redox potential
of the cobalt center.®

Finally, electrochemical impedance spectroscopy (EIS) was conducted on the modified
electrodes. Figure 46 B shows the Nyquist plot for the materials, characterized by two semi-circles,
the first related to the substrate and the second to the material.'*! In this way, the electrochemical
circuit consists in an uncompensated resistance (Ru), two different charge-transfer resistance (Ret)
in series, and two different constant phase element (CPE) in parallel connection with their
respective Re, as shown in Figure 47. The obtained Rct values shows that the creation of vacancies
can enhance electron transference reactions within the material, being 70.7 and 54.5 Q for

CoFePBA and ACoFePBA respectively (Figure 27 B).

Substrate Electrode Catalyst
I Constantphase | § § Constamtphase |
element (CPE) H element (CPE)

Uncompensated :
resistance (R,)

1st semi-circle o - 2m semi-circle

Change transfer Change transfer
resistance (Ry) H resistance (R,

Figure 47. EIS equivalent electrochemical circuit.

4.3.2 Catalytic studies

Both CoFePBA and ACoFePBA films had their catalytic activity evaluated towards water
oxidation reaction (WOR), and the experiments were performed on a 3D printed SECM cell. The
use of the adapted cells, allows an arrangement with two working electrodes, making it possible
the evaluation of the catalyst current densities evolution, along with an evaluation of the amount
of Oz being evolved during the potential application process, following the SECM substrate

generation/tip collection (SG/TC) operation mode. The results are presented on Figure 46 C and
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as it can be seen, both materials reach a similar current density (j), however the rate of O evolution
is different for both materials, with a higher production rate being reported by ACoFePBA. The
similar current densities can be related to some side reactions for CoFePBA that are not related to
OER, resulting in a lower faradaic efficiency for this material. When comparing the O> evolution
rate, is possible to observe it starts earlier for ACoFePBA and besides, when comparing the amount
of O2 in the highest potentials (2.50 V), ACoFePBA produced 36.5 umol of O2, while CoFePBA
produced only 13.2 umol. Thus, this indicates that ACoFePBA produces almost 2.8 times more O»
than the structure without defects, indicating better performance towards the OER with the creation
of cyanide vacancies in the structure. Moreover, the Tafel plot (Figure 46 D) shows that the Tafel
slope decreases from 175 mV dec! for CoFePBA to 143 mV dec! for the ACoFePBA. This
difference, although small, indicated faster kinetics for ACoFePBA and maybe some differences in
the rate-determining step in the reaction mechanism, indicating that the material activation and
vacancies formation can improve their performance and improve their kinetics towards OER.
Besides, this performance enhancement can also be related to the improvement in the number of
surface active Co®" sites, that are probably exposed and coordinated to water instead of cyanide,

due to the material activation process.

Table 10. Oxygen evolution quantification at 1 =400mV for both catalysts.

O2 pmol

O: current (A) 02 mol (+ 0.45)
CoFePBA -1.794107 5.89,10%° 5.89
ACoFePBA -2.10,107 8.02,107° 8.02

Furthermore, the oxygen evolution was studied at a fixed potential with the aim of obtaining
a more accurate quantification of O, for both catalysts. The results are presented in Table 10. The
amount of evolved O; related to the current was obtained according to a calibration with the
dissolved oxygen (DO) sensor, Hanna instrument, as described in our recent publication
reproduced on Chapter IIL.# It is important to highlight that the O> measurements were carried out
three times to obtain a more accurate result, with a standard deviation value, thus the reported
results are an average of the measurements. The reported results at n =400mV are 5.89 and 8.02 +
0.45 pumol for CoFePBA and ACoFePBA respectively. It is possible to observe that the material

activation and vacancies formation can increase the oxygen evolution by approximately 35%,
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indicating that the number of vacant active sites is directly related to the catalyst performance
enhancement. Moreover, when comparing the previous results obtained by the Activated Prussian
Blue, with only iron atoms, the overpotential is decreased, since with APB we were only able to
quantify O, with a 1 = 500mV. Besides, the oxygen evolution is higher for analogue with Co,
indicating cobalt is playing a crucial role as the active site.

Finally, stability tests were also carried out to understand the catalyst’s activity and
performance operating under WOR conditions (1 = 600mV) during 16 hours of electrolysis and
the results are presented in Figure 48. The results show that although both current densities
decrease after 16 hours under reaction, both catalysts present a relatively good stability.
Nonetheless, ACoFePBA presents a more consistent current evolution, and its j does not change
much during the whole process, as it is observed for the traditional material, indicating the material
activation can be responsible for providing a better stability for the structure under WOR
conditions. The slightly higher j achieved by CoFePBA is in accordance with the observed results
for LSV and can indicate some side reaction taking place and a lower faradaic efficiency for this
material. Therefore, this suggests that the creation of cyanide vacancies, besides improving the O

evolution for the catalyst, can also make it more selective towards the WOR.
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Figure 48. Stability test performed at 1 = 600mV in 0.1 mol L' KNOs solution for 16 hours for both catalysts.
CoFePBA (pink line) and ACoFePBA (blue line).

The catalysts were evaluated after the stability test to obtain information about the materials

structure and understand if there were any changes after the catalysis. Firstly, SEM was carried out
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to see if the catalysis brought any change in the material morphology, shape and distribution over
the electrode. The results are presented in Figure 49. As it is shown, there are no big changes for
the particles size and distribution after the catalysis, being similar to the information obtained from
the analysis with the as prepared materials, presented in Figure 43. Furthermore, it is possible to
observe a lower amount of material spread over the electrode, with a higher appearance of the FTO
substrate. This can be related to some lixiviation that can happen during the reaction, due to some
areas with a lower stability and can be the possible reason for the current decreasing during the
stability tests. Nonetheless, although there us some material lixiviation, some active material is still

deposited over the electrode and it can keep operating with a good current density.

CoFePBA - after catalysis

Figure 49. Scanning Electron Microscopy (SEM) of the catalysts after the stability test (after catalysis).

Moreover, Raman spectroscopy and X-ray photoelectron spectroscopy (XPS) were carried
out after the stability tests aiming to get information about possible structural changes after 16h
operating under WOR conditions. Raman spectrum comparing the films before and after the
catalysis can be seen in Figure 50 A. For both materials before and after the catalysis it is possible
to identify two main bands assigned to the Aig and Eqg mode of v(CN) stretching vibration.*125175176
The presence of these bands in the materials after the catalysis indicates that the general PBA
framework was kept with the reaction and no side product catalyst was formed. Moreover, when

comparing CoFePBA spectrums before and after, it is possible to observe a shift from 2130 to 2140
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cm after the catalysis, indicating the reaction promotes an oxidation on the metallic sites that is
irreversible even when the reaction stops. The active sites are expected to go to higher oxidation
states during the reaction, due to the high applied potential, and the results suggest that not all of
the metallic sites come back to the as prepared oxidation state. Furthermore, for the ACoFePBA
after catalysis spectrum it is possible to identify the appearance of a shoulder band around 2166
cm, meanwhile the main Eg and A1y modes of v(CN) remain unchanged. This suggests a different
species with a higher oxidation state being formed with the high potential application during WOR,
not going back to the original reduced states. Thus, the Raman results indicate that the PBA

structure is maintained after the catalysis, although some metallic oxidation states are irreversibly

changed.
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Figure 50. Spectroscopy studies carried out after stability tests. CoFePBA (pink line), CoFePBA-After (red line),
ACoFePBA (light blue line) and ACoFePBA-After (dark blue line). A) Raman spectra obtained using a 785 nm laser
excitation for the modified FTO electrodes to study the materials v(CN) stretching vibration. B) XPS survey spectra
with main peaks assigned to their respective elements and transitions.

Finally, qualitative XPS measurements were carried out after the stability tests aiming to
understand possible changes in the catalysts after the catalysis took place for 16h and the results
are shown in Figure 50 B. The analysis shows the same general elemental composition, before and
after the catalysis for both catalysts, identifying Co 2p (782 eV), Fe 2p (708 eV), O 1s (531 eV),
Sn 3d (485 eV), N 1s (397 eV) and C 1s (284 eV). The presence of Sn can be related to the FTO
glass substrate composition. Besides, some changes in intensity of the Sn composition can be
observed especially for ACoFePBA after the catalysis and can indicate a higher film lixiviation

that does not drastically alter the catalytic activity.
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Therefore, these results suggests that although bringing some changes in the catalysts
oxidation states, no big structural changes can be observed, indicating the main PBA framework is
maintained through the whole process and is the main responsible for the O evolution, without

any catalyst by-product (like an oxide) being formed.
4.3.3 LA-ICP-MS

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)!0L:147.148
analysis were used to obtain some information about the elemental (Fe and C) distribution over the
thin film, to understand its homogeneity. Furthermore, the results also helped to obtain some
insights on the Fe/C in an attempt to confirm the vacancies formation. The Co information could
not be obtained from this analysis, because the metallic cobalt film was not completely oxidized
during the PBA formation, and thus, the Co composition was higher and out of the detectable limit
by the equipment. Nonetheless, we believe the changes in the Fe/C ratio could be further related to
Co/C ratio as well, since the CN" vacancies are introduced between the Co and Fe in the Co-CN-
Fe proposed structure. The analyses were carried out on a titanium electrode to avoid the presence
of any other element that could interfere with the results and elemental identification. The same
FTO deposition paraments described in the experimental data were used for the deposition on the
Ti electrode.

The results can be seen in Figure 51 and Figure 52 and it indicated a good film distribution
over the substrate. It is possible to see Fe and C are widely spread over the whole probed area and
suggests a good film deposition and homogeneity. Moreover, the differences in the Fe intensities
when comparing both films can be related to the differences in the materials deposition that can

result in a higher concentration of the deposited film depending on the chosen methodology.
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Figure 51. LA-ICP-MS qualitative mapping for Fe and C on CoFePBA film. Inset represents the modified picture
with the scan area highlighted.
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Figure 52. LA-ICP-MS qualitative mapping for Fe and C on ACoFePBA film. Inset represents the modified picture
with the scan area highlighted.

Finally, these results were used to obtain the ration between Fe/C in both films as an attempt
to identify and confirm the formation of cyanide vacancies in the activated catalyst film
(ACoFePBA). This approach was used with the belief that the film activation would form
electrochemically designed CN- vacancies, removing CN"~ from the structure and therefore
increasing the ration between Fe and C. A 3D mapping on the Fe/C qualitative ratio intensity for
both films can be seen in Figure 53. As it is shown, CoFePBA has a Fe/C ratio of 16.80, while
ACoFePBA has a ratio of 21.20. The nominal ratio for CoFePBA is approximately 6 times higher
than previously reported for the traditional Prussian blue (2.70)*, since CoFePBA is known to have
more conventional vacancies in its structure to ensure the electro-neutrality of the network.8?

These results show ACoFePBA has a Fe/C ratio 1.30 times higher than CoFePBA,

indicating carbon is probably leaving the structure in the form of CN” during the material activation
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and synthesis. This confirms that ACoFePBA has 30% more cyanide vacancies than the traditional
reported CoFePBA and this is related to the enhancement of the catalytic activity and O2 evolution.
Furthermore, it is worth noting that an increase in 30% on the Fe/C ratio for the activated material,
indicating 30% more vacant sites in ACoFePBA, resulted in an enhancement of 35% in the O2
evolution (Table 10) for this catalyst when comparing to CoFePBA. Therefore, it is possible to
conclude that the creation of vacancies and the formation of these free active sites explain and is
directly related to an enhancement in the performance and activity of these catalysts towards the
water oxidation reaction. Hence, defects and vacancies design are a great approach to overcome

the low concentration of active sites on PBAs and improve their catalytic activity.

CoFePBA ACoFePBA
Fe/C = 16.80 Fe/C =21.20

Minimum Maximum
I B ]
0.00 5TFe*/13C* 45.00

Figure 53. Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) qualitative mapping to obtain
the ratio between Fe/C in the CoFePBA and ACoFePBA films.

4.3.4 Synchrotron-based soft X-ray spectroscopy

Synchrotron-based soft X-ray Photoelectron Spectroscopy (XPS), performed at IPE
beamline of the synchrotron light source Sirius, was used to probe the surface composition and Co
and Fe speciation of the films. The survey plot from 1200 to 0 eV is presented in Figure 54 A, and

the analysis shows the same general elemental composition for both films, identifying Co 2p (782

R. L. Germscheidt, Ph.D. thesis



Chapter IV. Electrochemically designed vacancies on CoFePBA 112

eV),Fe2p (708eV),0 1s(531eV), Sn3d (485eV),N 1s (397 eV) and C 1s (284 eV). The presence
of the Sn signal can be related to the substrate used as the electrode (FTO - fluorine doped tin oxide
coated glass), having Sn in its composition. The similar elemental composition for both films
confirm the same structure obtained even after the creation of vacancies for ACoFePBA.
Furthermore, Fe 2p and Co 2p separate spectrum was obtained with the same kinetic energy for Co
and Fe speciation and the plots can be seen on Figure 54 B and C. A few differences can be
observed when comparing both materials and can indicate differences in the oxidation states for
the materials. However, due to some positive charge building up over the surface, a high-resolution
spectrum could not be obtained for the materials, and further speciation studies were made using
high resolution XAS. Finally, quantitative XPS analysis provided some information about Co, Fe
and N composition over the films surface. The surface Fe/Co ratio is very similar for both materials,
being 1:1 for CoFePBA and 1.3:1 for ACoFePBA, indicating a very similar metallic structure for
both materials. Further Matal/N ratio studies show an increase in from 2:1 for CoFePBA to 3:1 for
ACoFePBA, suggesting that nitrogen is being lost with the material activation, possibly related to
the CN™ vacancies formation. These results agree with the previous LA-ICP-MS reports and the
activation represents 50% more vacancies than the traditional analogue (CoFePBA). This
difference in the ratio increasement between XPS (50%) and LA-ICP-MS (30%) is related to XPS
being a surface sensitive technique, while with LA-ICP-MS it is possible to obtain deeper analysis
and the results represent an average of whole film composition.!#”17® Nonetheless, quantitative
XPS analysis provides more evidence of the creation of cyanide vacancies com ACoFePBA and

how this is associated to the catalytic activity enhancement.
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Figure 54. Synchrotron based soft X-ray photoelectron spectroscopy for CoFePBA (pink line) and ACoFePBA (blue
line). A) XPS survey spectra with main peaks assigned to their respective elements and transitions. B) Fe 2P spectra.
C) Co 2P spectra.

Moreover, synchrotron-based soft X-ray absorption Spectroscopy (XAS), performed at
IPE beamline of the synchrotron light source Sirius, was used to probe the materials’ ligand field
structure, defects, and Co/Fe speciation. The analysis were carried out using two different detection
methods, a more surface sensitive method, Total Electron Yield (TEY), and a bulk sensitive
method, Fluorescence Yield (FY).173180.181 The Co and Fe L-edge spectrums are shown in Figure
55. The Co®*/Co®" and Fe**/Fe’* speciation can be also observed in the figure and it was made
according to the literature, using some previous XAS analysis carried out on Prussian Blue and its

analogues which also base their results and discussion in some spectrum simulations,*81:82.171,182,183
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Figure 55. Synchrotron based soft X-ray absorption spectroscopy for CoFePBA (pink line) and ACoFePBA (blue
line). A) Co L-edge TEY XAS spectra. B) Co L-edge FY XAS spectra. C) Fe L-edge TEY XAS spectra. D) Fe L-edge
FY XAS spectra.

By comparing TEY and FY analysis, it is possible to observe small but existing
differences in the spectrum for the Co and Fe L-egdes, especially when comparing the Co?*
and Fe3* composition. This can suggest small differences between the surface and the bulk for
both materials. When comparing the TEY results between both CoFePBA and ACoFePBA it
is observed that before the creation of defects (CoFePBA), the ratio between Co?*/Co**
obtained from the Co Ls-edges (Figure 55 A) absorption peaks (779 eV for Co?* and 782.7 eV
for Co®") is around 1:1, being a very balanced mixed valance material. However, the creation
of defects has resulted in the increasing of the amount of Co?* composition in the ACoFePBA,
taking this ratio up to around 2:1. This agrees to the increase in the superficial concentration of
electroactive Co*" sites previously described and supports the literature mechanism proposals that
Co*" are the active sites for WOR in the CoFePBA catalyst, since the creation of vacancies and
predominance of Co®" on the structure resulted in an enhancement of the catalytic activity,598384
Furthermore, the ratio between Fe** and Fe?* obtained from the Fe Ls-edges (Figure 55 B)
absorption peaks (708.7 eV for Fe®* and 713 eV for Fe?*) is around 2:1 for CoFePBA and after

the creation of defects, the structure becomes predominantly in Fe3*, since the absorption
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peaks assigned to Fe?* practically disappeared (713 and 725.8 eV) for ACoFePBA. These
results agree with the Raman previously mentioned results and can indicate that the activation
process, linked with the formation of cyanide vacancies, can modulate the metals oxidation
states as a way to introduce neutrality in the structure. Thus, this modulation can also favour
a specific oxidation state (in this case Co?*/Fe3*) that facilitates and results in an enhancement
of the catalytic activity. Finally, by analyzing the absorption peaks energy it is possible to observe
that the spectrum for ACoFePBA is shifted in 0.2 and 0.4 eV toward lower energies when compared
to the CoFePBA spectra, indicating changes in the ligand-field structure that are possibly linked
some CN- left the structure and was replaced by H20O, supporting and giving spectroscopic evidence
for our vacancy formation mechanism.*!"* Thus, explaining how the design of cyanide vacancies

in the ACoFePBA can improve its performance towards WOR and the amount of Oz evolved.

4.4 Conclusion

In conclusion, we presented the application of an electrochemical method to create cyanide
vacancies on a CoFe Prussian blue analogue catalyst. The activated material showed an
enhancement on its catalytic performance towards the oxygen evolution reaction. The creation of
these defects improved the number of superficial Co®" sites, that are probably the active sites for
the reaction. Using LA-ICP-MS we were able to quantify an increase of 30% in the number of CN~
defects that resulted in an increase of 35% in the amount of evolved O:. Finally, soft X-ray
spectroscopy was used to probe these vacancies and shows that it can modulate the catalyst
oxidation state and favors more active species, which is related to the catalytic activity
enhancement. Thus, this easy method presents itself as a great and simple way to improve the
number of active sites in earth abundant catalyst and the unique sensitivity of soft x-ray
spectroscopy might break the complexity of defect chemistry on earth-abundant catalysts recently

exploited for catalysis and energy conversion.
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Chapter V

Conclusion and Perspectives

In Chapter V, the main overview and conclusion from this research is presented. By the

end, some of the perspectives for future research are discussed.

5.1 Addressal of objectives

In Chapter I, the main objectives of this research were presented and are listed below:

Propose a methodology to quantify iron for some iron-based catalysts thin films.
Propose a strategy to overcome the PBA-based catalysts’ main shortcoming of
having low concentration of active sites.

Investigate the active sites in Prussian Blue analogue catalysts, understanding how
they work and the factors that influence their activity and performance towards
OER.

Investigate synchrotron-based soft X-ray spectroscopy techniques to probe the

structure of PBAs and identify changes in the electronic configuration.

Here are presented as a summary how this thesis addressed each of the objectives set in

Chapter I:

A photochemical pre-treatment was proposed for the quantification of the total iron
from heterogeneous thin films composed of iron-based materials. The
photochemical approach (with UV-light) is used to ensure a full dissociation of iron
ions before the quantification, to allow its coordination with 1,10-phenanthroline
and a further spectroscopic quantification. This method has been revealed to be
highly effective and precise, and has been shown to have a wide range of

applications for different iron-based catalysts.
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ii. This thesis presents an alternative methodology to synthesize the Prussian blue,
obtaining a catalyst with vacancies created by an electrochemical method. The
methodology was applied for Traditional Prussian Blue (TPB) and its analogue,
CoFePBA. Both modified catalysts were shown to have an enhanced catalytic
performance towards WOR and a higher concentration of active sites.

Ii. The vacancies and active sites were probed by spectroscopic method using pyridine
as a molecular probe, electrochemical CV-based methods and by using laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). The analysis
showed the active sites to be Fe** vacant sites (for TPB) and Co*" for CoFePBA.
Furthermore, they were able to identify an increase in CN” defects with the material
defects by probing Fe/C ratio. The increase of this ratio is directly proportional to
the enhancement of oxygen evolution.

Iv. Synchrotron-based soft X-ray spectroscopy was carried at the IPE beamline of
Sirius at the Brazilian Synchrotron Light Laboratory and provided spectroscopic
evidence of the creation of vacancies and changes in the ligand-field. Besides, the
analysis also provided information about the metallic oxidation states and how the

presence of CN vacancies influenced these configurations.

PBA materials serve as excellent catalyst alternatives for oxygen evolution reactions
(OER), particularly due to their ability to operate under mild conditions, exhibit high stability, and
maintain great activity. Research on these materials offers a significant opportunity to replace noble
metal-based catalysts. Therefore, this thesis proposal, involving the creation of cyanide vacancies
within these materials, represents a promising approach to increase the number of active sites
within their structures and enhance their overall catalytic activity.

Furthermore, the electrochemical method is a cost-effective, rapid, straightforward, and
readily accessible approach that has demonstrated its effectiveness in generating vacancies within
these materials. This further underscores the advantages of employing this technique, which has
the potential to elevate the significance of PBA in the field of OER research.

Finally, the use of synchrotron-based soft X-ray spectroscopy, a well-established element-
specific technique, proves invaluable for investigating the composition of materials, discerning

distinct valence states within elements, and gaining valuable insights into electronic states. We have
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empirically harnessed its unique sensitivity to probe vacancies within these materials. This
technique has demonstrated its suitability for such investigations, enabling the identification of
changes in the material's electronic structure, alterations in the ligand field, and modulation of
oxidation states upon the creation of vacancies. As a result, it provides spectroscopic evidence
regarding the nature of active sites within these structures and offers valuable insights into the

challenging task of elucidating reaction mechanisms in the field of PBA research.

5.2 Research perspectives

The perspective for future research from this thesis is presented in the form of questions to

left to be answered:

. What is the vacancies creation mechanism? Is there any change in the method that
would favor their formation?

ii. Is it possible to use this methodology for defects creation to activate other PBAs
such as CoCoPBA, CuFePBA, NiFePBA or even RuFePBA? Can the catalytic
activity be enhanced in the same way?

iii. The creation of cyanide vacancies changes the reaction mechanism and the rate-
determining step?

2 What is the real active site for the structure before and after the activation? What is
the oxidation state reached during the reaction?

V. Can synchrotron-based hard X-ray spectroscopy (XANES/EXAFS) be used to
probe and identify changes in the coordination number and ligand-field, indicating
the creation of these vacancies?

To address these perspectives future spectroscopic in situ studies are required, including
Raman, FTIR, UV-Vis and even synchrotron-based spectroscopic techniques. These studies can
give the necessary evidence for the reaction mechanism proposal, active sites suggestion, the
metallic oxidation states during the reaction, the rate-determining step and even further information
about the nature of defects and how their presence influence the reaction mechanism.

Nevertheless, this thesis presents a very relevant work for the research about Prussian Blue

analogues-based catalysts, providing evidence of how the creation of vacancies can increase the
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number of active sites and consequently enhance their catalytic activity, which is a massive
challenge in the area. Furthermore, the TPB has never been shown to act as a good catalyst towards
WOR due to the low number of active sites, and our first report of this material being activated and
reaching outstanding activity is evidence of how important these vacancies can be. The use of this
vacancies for the CoFePBA-based catalyst showed how versatile the methodology is and the
material also presented an enhancement in the activity.

Finally, most of vacancies creation proposals in the literature are based on extreme
conditions of pH and temperature, with some of them being based on the use of high energy plasma
lasers. Meanwhile, the method proposed by this thesis is very simple, cheap and easy to achieve,
besides proving to be very efficient. Therefore, it can be a great opportunity to study other PBA

with those electrochemically formed vacancies.
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