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RESUMO

A utilizagédo de fonte energética advinda de combustivel fossil durante centenas de
anos, estdo diretamente relacionadas com o aumento excessivo de gas carbono
emitido na Terra o que acarreta diversos efeitos climaticos adversos como o aumento
anormal da temperatura do globo, prejudicando as futuras geracdes. Diante deste
cenario, vem se impulsionando a substituicAo desta matriz energética por fontes
renovaveis e eficientes que sejam mais amigaveis ecologicamente, com isto que a
utilizacao do gas hidrogénio produzir por processos de eletrolise da agua como opcao
emergente de substituir tais fontes a base de combustivel fossil se tornaram bastante
atrativas, vista suas vantagens de baixo nivel de emisséo de gas carbbdnico da e com
um alta eficiéncia energética. Apesar disso, existem uma série de limitacdes de
produzir hidrogénio a partir do processo de eletrolise da agua, visto que a etapa
limitante deste processo € a reacao de evolucdo de oxigénio que ocorre no anodo da
célula eletroquimica que ocorre a oxidacdo da agua. Isto pois é uma reacéo
termodinamicamente desfavoravel e endegbnica, necessitando assim um catalisador.
Neste projeto, buscou-se desevolver catalisadores anodicos para a reacdo de
oxidacdo da agua a base de nigquel hexacianoferratos (NIHCF) com a insercédo de
engenharia de defeitos em sua estrutura (NIHCF-vac) bem como por tratamentos
térmicos (NiFeOx), no qual foram avaliados sua performance e desempenho
eletrocatalitico para a reacdo de oxidacdo agua. Os resultados demonstram um
melhora catalitica a respeito da transferéncia de carga (Rct) de 234 Q para 63,6 Q e
18,9 Q, diminuigédo do valor do sobropotencial (n) de 821 mV para 774 mV e 740 mV
para o NiIHCF, NiIHCF-vac e NiFeOx, respectivamente. Os estudos com luz sincrotron
a base de XPS e XAS trazem mais informacdes sobre as vacancias e sua influéncia
no desempenho catalitico. Os resultados obtidos para a reacdo de oxidacdo da agua
em condi¢cdes neutras de reacdo no qual foi comparadas com outros catalisadores

reportados da literatura.



ABSTRACT

The use of the recommended energy source of fossil fuel for hundreds of years is
directly linked to the excessive increase in carbon gas emitted on Earth, which leads
to several adverse climate effects such as the abnormal increase in the temperature
of the globe, harming future generations. Given this scenario, the replacement of this
energy matrix with renewable and efficient sources that are more ecologically friendly
has been promoted, with this being the use of hydrogen gas produced by water
electrolysis processes as an emerging option to replace such sources. based on fossil
fuels have become very attractive, given their advantages of low levels of carbon
dioxide emissions and high energy efficiency. Despite this, there are a series of
limitations to the production of hydrogen from the water electrolysis process, since the
limiting stage of this process is an occurrence of oxygen evolution that occurs at the
anode of the electrochemical cell that occurs during water oxidation. This is because
it is a thermodynamically unfavorable and endergonic occurrence, thus requiring an
event. In this project, we sought to develop anodic explanations for the occurrence of
water oxidation based on nickel hexacyanoferrates (NiHCF) with the insertion of defect
engineering in its structure (NiIHCF-vac) as well as thermal treatments (NiFeOXx), in
which its performance and electrocatalytic performance were evaluated for the
occurrence of water oxidation. The results demonstrate a catalytic improvement in
charge transfer (Rct) from 234 Q to 63.6 Q and 18.9 Q, a decrease in the overpotential
(n) from 821 mV to 774 mV and 740 mV for NiHCF, NiHCF-vac, and NiFeOx,
respectively. Synchrotron light studies based on XPS and XAS provide further
information about the vacancies and their influence on catalytic performance. The
results obtained for the water oxidation reaction under neutral conditions were

compared with other catalysts reported in the literature.
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1. INTRODUCTION

1.1 Energetic scenario: a brief review

It is well-known that global problems have arisen over the centuries with the
excessive use of fossil fuels as the world’s main energy source, causing quasi-
irreversible worldwide environmental damage, the effects of greenhouse gases, severe
climatic changes and events, and pollution. These are some issues that geopolitical and
economic actions must address. Recent data listed by the Our World in Data website
associate the snowball temperature effect with the increase in carbon dioxide (CO.)
emission from industrial fuel worldwide, and we can observe clear relationship between
the growth in energy demand (Figure 1A) and greenhouse gases emissions. As a result,

the world temperature has increased significantly (Figure 1B)?.

A B

Other industry

1920

Figure 1: CO; emission by fuel industry (A) and the temperature anomaly (B) over 1850 — 2022 Global
data. (source: https://ourworldindata.org/)

Transition to renewable energy sources is crucial to mitigate these impacts and
guarantee a sustainable future for the next generations. One of the possible sources being
produced and tested at an industrial scale is hydrogen gas (Hz) as a clean energy

source??,

1.2 Hydrogen gas a potential option as energy renewable source

Hydrogen gas (H.) is an important raw material produced and applied in various
industrial sectors such as petrochemicals, fertilizers, and energy. Their demand
production is essential for some materials, such as ammonia (NH3), methanol (CH4) and
stainless steel’. Because of its relevance in industry hydrogen is produced. The H:
production process is related to some criteria such as CO2 emission, environmental
impacts and the level of cleanliness of the obtained H. in the process, which can be

indicated by a hydrogen color code (Figure 2). H> produced from fossil fuels has a high
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COz emission, high environmental impact, and is considered dirty, namely brown, gray
and/or blue hydrogen. However, it is possible to produce hydrogen that emits low levels
of CO2 emission with low environmental damage and cleanliness level of the hydrogen

derived from alternative sources or through electrolysis, like green hydrogen.

Cco, Environmental Cleanliness
Color Code Process
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
E .
N

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

I

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

=] (=11 =] = =
= = [FE =] = E |

H, production from water electrolysis through
renewables sources

Natural occurrence, rare on Earth. H, is found in
clathrates or in the atmosphere (1 ppm)

Thermochemical water splitting produced by
concentrated sclar energy

Alternative

H, produced from garbage, plastic or biomass

O low O medium . large

Figure 2: Color classification of H, production processes to environmental criteria (extracted from Von
Zubel et al.).

SO00l0ees a0 @
200 000 20O

SO00000I0S e ®

Although hydrogen produced by water electrolysis processes has high energy
efficiency and yield, its production cost is high (Figure 3)*, making it impossible to
compete with cheaper and more consolidated energy sources derived from fossil fuels.
In this way, most of the hydrogen produced is classified as gray and blue (around 95%),
and only 5% of hydrogen comes from renewable energy sources such as water splitting
(green hydrogen)?2. It is necessary to understand some obstacles that result in only 5%

of hydrogen coming from renewable sources.
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Figure 3: Comparison of different hydrogen production technologies from water. (Megia, et al.)

1.3 Challenges to produce H2 by water electrolysis

Water splitting is the overall reaction, which can be divided into two half-
reactions: the hydrogen evolution reaction (HER) (1) and the oxygen evolution reaction
(OER) (2), and their conditions are demonstrated below. As we can observe, the water
electrolysis reaction an electrochemical cell, is a thermodynamically unfavorable
process (AG > 0) and has a standard potential (E°) of 1.23 V to initiate the
electrochemical reaction, and this value is independent of the cell’s pH conditions
(Figure 4)°. The OER semi-reaction is considered one of the sluggish factors in water
electrolysis since oxidized water to produce gas oxygen (Oz) requires four electrons,
which results in a standard potential of 1.23 V. Therefore, it is necessary to use anodic

catalysts to reduce the thermodynamic barrier of the water splitting reaction overall (3)
6-8

HER:4H"+4¢ - 2Hz () E°=0.00 V (1)
OER:2H0 )y > O2+4H " +4¢ E°=1.23V (2)
Global: 2 H20 gy = Oz () + 2 H2 (g) E°=1.23V AG°=228.71kJ.mol?! (3)
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Figure 4: Pourbaix diagram for water electrolysis (R. Sharifian et al. — modified).

On an industrial scale, the state-of-the-art catalysts for the water splitting
reaction involve the use of noble metal-based anodic catalysts such as Ir, Ru, Pt, and
their oxides®'°, which is one of the factors that makes hydrogen produced by this method
four times more expensive than hydrogen derived from fossil fuels. From this principle,
we can understand the iceberg problem of finding catalysts for the water-splitting

reaction.

The use of noble metals as anodic catalysts is just the "tip™ of the iceberg in terms
of the challenges of producing hydrogen through water electrolysis (Figure 5). Besides
this, there are other obstacles such as the need for stable and highly efficient catalysts
over long periods of use, high efficiency, and the fact that the technology used in proton
exchange membrane (PEM), anion exchange membrane (AEM), and solid oxide
electrolyzer cell (SOEC) electrolyzers is still under development!'2, These factors
increase costs and hinder the large-scale industrial production of green hydrogen. Other
challenges are deeper and more complex to discuss now, such as geopolitical issues
(transportation, storage, laws, and safety) and the competitive cost and accessibility of

this fuel compared to current primary energy sources.
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Figure 5: Green H; by water splitting iceberg scheme (created by author).

To overcome the initial obstacles, it is worth investigating the use of elements
from the first transition series of the periodic table due to their relative earth-abundance
and low cost compared to less abundant and expensive noble metal elements (Figure
6)'3. Elements from the first transition series, such as Co, Ni, Cu, and Fe, offer a cheap
and abundant possibility instead of noble metals (Table 1) wide range of potential
catalysts for the water-splitting reaction, requiring an analysis of their stability and
efficiency when using these elements.
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Figure 6: Abundance, atoms of elements per atoms of Si in the Earth.
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Table 1: Daily metal prices in dollars per oz. (Source: https://www.dailymetalprice.com/).

Ir 4.80 x 103
Rh 4.75 x 103
Au 2.42 x 103
Pt 1.10 x 103
Ru 4.30 x 102
Co 8.65 x 1071
Ni 6.70 x 1071
Cu 3.51 x 1072
| 3.65 x 1073

1.5 Prussian-blue and its analogues as an earth-abundant anodic catalyst

The research and development of catalysts based on earth-abundant elements
have given significant attention to Prussian Blue (PB) and its analogs (PBA) as catalysts
for water oxidation, due to their simple production, robustness, and efficiency under
mild and acidic conditions’. Prussian Blue and its analogues are part of the
cyanometallate family, with a structure consisting of two coordinated metals linked by
cyanide bridges, forming an organized cubic coordination network*. Their common
structure is shown in Figure 7 and it can be described as AnMx[M’(CN)g]-H20, where
A is an alkali metal ion (purple), and M (light grey) and M’(gold) are transition metal

ions.
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Figure 7: Prussian Blue cubic coordination network structure scheme. A\Mx[M’(CN)s]-H20, where A
is an alkali metal ion (purple), and M (light grey) and M’(gold) are transition metal ions.

Prussian blue (PB) and its analogs (PBA) are widely recognized and studied as
anodic catalysts for water oxidation, demonstrating good performance under acid and
neutral conditions. Despite their good stability, they present a lower concentration of
active sites and charge transfer, significantly limiting their catalytic activity.
Consequently, it is necessary to investigate methods that improve its catalytic
performance as a catalyst for water oxidation under mild conditions. In this way, the
implementation of engineering defect creation in those materials aims to enhance their
catalytic performance®®. This is due to the direct impact of defect development on
properties such as electrical conductivity and charge transfer, leading to a greater
number of active sites in the system, thereby improving the catalytic performance of the
modified catalyst.

1.6 Defects engineering: a way to improve the catalytic performance

In an overview, we have identified many methods for engineering defect creation
in modified electrodes, categorized by the dimension of structural defects: point, line,
planar, and volume defects (Figure 8)¥. Furthermore, the creation of engineering
defects is correlated with the synthesis process of the catalyst, implying that the catalyst
production involves the introduction of defects into its structure. We have chosen the
electrodeposition method to produce our catalyst, as it offers good reproducibility and
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straightforward material synthesis. Moreover, there is limited research on defect
creation through electrochemistry processes.

Defect creation in catalysts is well-documented in the literature, particularly the
oxygen vacancy defects (vo) in oxide-based catalysts to enhance electrocatalytic
performance. However, there are only a few known studies on the cyanide vacancy
defects (vcn-) creation in modified electrodes based on cyanometallates like Prussian
blue and its analogs'®8. Furthermore, most of the cyanide defect creation methods
published in the literature are highly specialized, making laboratory-scale production
challenging and increasing material production costs.

Figure 8: Schematic ways to create defects in nanomaterials (L. Lei et al).

In this way, we synthesized films of Nickel-based Prussian blue Analogues
(NiHCF) through electrodeposition and developed an activation process that introduces
defects into their structures (NiHCF-vac). This effort aims to enhance their
electrocatalytic activity for oxygen production in the water oxidation reaction (WOR)
under mild conditions (pH ~ 7).

1.7 Prussian-blue as template to produce mixed oxides catalyst

One characteristic of Prussian blue analogues is the extensively versatility to use
as template precursor to generate of novel catalysts by different methodology,
modifying their porosity, structure shape and size control such as oxides, carbides,
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alloys or metal nanoparticles are some examples of materials that can be derived from
Prussian Blue!® (Figure 9). The new catalysts generated mixed oxide catalysts which is
another way to improve the performance towards the water oxidation reaction. In this
way, we will use the Prussian blue analogue of nickel to produce mixed nickel-iron
oxides (NiFeOy), electrochemically and evaluate the electrocatalytic performance for
OER’ under mild conditions.

porous carbon and metal alloys
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Figure 9: Versatilly of using Prussian Blue and analogues as template precursor. (Bornamehr, et al.)
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2. OBJECTIVES

Main objective:

e Evaluate the electrocatalytic activity towards water oxidation in nickel Prussian blue
analogues (NiHCF) and their oxides as anodic catalysts films under mild conditions.

Specific objectives:

e Create and verify cyanide defects electrochemically in nickel Prussian blue
analogues (NiHCF-vac);

e Use the analogue as a template to synthesize their oxides (NiFeOx) to increase the
catalytic activity for water oxidation reaction;

e Synthesize ruthenium oxide (RuO3) to evaluate catalytic performance and compare

with the previously evaluated catalysts under mild conditions.
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3. EXPERIMENTAL PROCEDURES

3.1 Reagents and materials

Nickel Chloride Hexahydrate (NiCl.-6H20) and Fluorine doped tin oxide coated
glass (FTO Glass, with about 80% transmittance, 2.3 mm thickness and surface
resistance of ~7 Q.sq?) were purchased from Sigma-Aldrich (USA), Potassium
Chloride (KCI) was purchased from Dinamica (Indaiatuba, Brazil), Potassium Nitrate
(KNO3), Ruthenium(lll) Chloride (RuCls), Sulfuric acid (H2SOs4), Potassium
Hexacyanoferrate (K3[Fe(CN)s]), Potassium ferrocyanide trinydrate
(K4[Fe(CN)6]-3H20) were obtained from Acros Organics, Screen-Printed Carbon
Electrode (CPE, Aux.:C; Ref,:C) was purchased from Metrhom. All solutions were

prepared with Milli-Q water.

3.2 Substrate preparation

FTO Glass was cut into 2x1 cm rectangles. Subsequently, it was cleaned using
a detergent and water solution and placed in an ultrasonic bath for 10 min. Afterward,
it was rinsed with water and subjected to another 10 min cycle in the ultrasonic bath.
Finally, it was washed with isopropyl alcohol and given another 10 min treatment in the
ultrasonic bath. Following the cleaning process, the geometric area of the substrate was
determined to be 1 cm? using an isolator, and the substrates were placed in an oven at
60 °C for drying.

3.3 Anodic catalyst films preparation process

The catalyst films were prepared using a conventional three-electrode cell
composed of a platinum wire as the counter electrode (CE), Ag/AgCI saturated as the
reference electrode (RE), and FTO Glass substrate as the working electrode (WE). The
electrochemical methods were performed on a Metronm  Autolab

Potentiostat/Galvanostat, connected to a computer with NOVA 2.1.5 software.

3.3.1 Metallic nickel film deposition

Firstly, nickel film was electrodeposited onto the substrate. The
electrodeposition was conducted using a chronoamperometry method applying a
potential of Erxe = - 1.3V for 60 seconds (until the charge reached 0.5 C on the working
electrode) onto the substrate immersed in an acidified nickel chloride solution with 40
mL volume 0.05 M NiCl2:6H20 in 0.1 M KCl and 5 pL 1 M H2SO4 solution.
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3.3.2 Nickel Prussian blue analogues film synthesis (NiHCF)
With the metallic film deposited onto the FTO substrate, the film is

oxidized by applying a potential of Erpe = + 1.5 V for 250 seconds in 10 mM
Kz[Fe(CN)e] with 0.1 KNOgz solutions, forming a yellow-amber film using ferricyanide

precursor. The obtained film was dried at 60 °C in an oven for 1 h.

3.3.3 Nickel Prussian blue analogues with cyanide vacancies film synthesis

(NiHCF-vac)

To create cyanide vacancies by electrochemical method, the nickel

metallic film was oxidized by applying a higher potential Erne = + 2.4 V for 250 seconds
in 10 mM Kz[Fe(CN)s] with 0.1 M KNO3 solution. The obtained films were dried at 60

°C in an oven for 1 h.

3.3.4 Nickel-Iron mixed oxides film synthesis (NiFeOx)

After the electrodeposition synthesis of nickel Prussian blue analogs
(NiHCF and NiHCF-vac) in FTO substrate, the prepared films were heated in a tube
furnace at 500 °C, in the air at 15 °C.min! heating rate for 1 h. From this procedure, a
mixed oxide film (NiFeOy) was obtained using Prussian blue analog as a precursor.

3.3.5 RuO», preparation film synthesis

An electrodeposited RuO> film on FTO was prepared for comparative
effects and catalytic evaluation with the Prussian blue analogs and their oxides. Initially,
a ruthenium metallic film was deposited onto FTO substrate by applying Eagagci = - 0.6
V for 300 s in a solution containing 10 mM RuCls in 0.1 M KCI. Then, ruthenium oxide
film was prepared through a calcination process in a tube furnace at 450 °C, in air for 3
hours, at a 10 °C min heating rate?*

3.4 Spectroscopy characterization techniques

3.4.1 Electronic UV-Visible absorbance spectroscopy

Spectra of Nickel Prussian blue analogue films in the UV-Vis region
were obtained using an Ocean Insight Flame Miniature UV-Visible absorption
Spectrophotometer (Flam-S-UV-Vis series), with a quartz cuvette (1 cm optical path),
from 200 to 900 nm.

3.4.2 Vibrational Raman spectroscopy

Raman spectra of the material were recorded on a Confocal Horiba

Xplora spectrometer at an excitation wavelength of 785 nm with a (10x, 50x) objective
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at room temperature in the range of 100 — 3000 cm™ and 10 % filter with 5
accumulations, and in 60 seconds, 1.74 pum spot size and 4 cm resolution. The distance
between the laser and the sample was adjusted using the camera coupled to the
equipment to focus on the sample surface. The spectra were recorded after instrument

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

3.5 Microscopy characterization techniques

3.5.1 Scanning electron microscopy

The morphological images were obtained on a Quanta 250 field emission
scanning electron microscope (FEI Co., USA) equipped with an Oxford X-MAX50
(Oxford, UK) X-ray dispersive spectrometer (EDS) were prepared on a conductive
carbon tape followed by carbon powder coating on a Bal-Tec MDO020 instrument
(Balzers). The samples were previously coated with Iridium through sputtering.

3.5.2 Atomic force microscopy

The topographic images were obtained on a FlexAFM C3000 —
(Nanosurf, Switzerland) atomic force microscope operating a non-contact/tapping mode
and recorded a 3 um image size in 1 second per point and 256 pixels points, 55 %
Setpoint, 2000, 2400, and 0 as P-Gain, I-Gain and D-Gain values, respectively and 700
mV value for Free Vibration Amplitude acquisition properties.

3.6 Electrochemical characterization

All electrochemical measurements were conducted in a KNOs solution
electrolyte, employing a typical three-electrode cell system using a platinum wire,
saturated Ag/AgCl, and Catalysts films deposited onto FTO Glass as the counter

electrode (CE), reference electrode (RE), and working electrode (WE), respectively.

3.6.1 Cyclic voltammetry

The Cyclic Voltammetry was measured in the potential region by

applying Erne = 0.2 V to Erne = 1.2 V at 10 mV.s ™ scan rate for 2 scans.

3.6.2 Linear sweep voltammetry

The voltammograms of the materials were measured in the potential
region by applying Erne = 0.2 V to Erne = 2.2 V at 5 mVs 't scan rate. The potential was
corrected using 95 % of iR drop value for respectively material.
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3.6.3 Electrochemical impedance spectroscopy

Impedance measurements for all the films were obtained by applying a
Erne = 1.9 V applying a frequency variation of 1.10° Hz to 1.10 Hz, 10 points per
decade of a number of frequencies, and 0.01 Vrms amplitude. The fit and simulation of

the equivalent circuit used a typical Randles-Circuit.

3.6.4 Electrocatalytic evaluation tests

The potential conversion of the reference electrode (Eagiager) used to the
reversible hydrogen electrode (RHE) was carried out using the following equation (4)
and considering the pH of the KNOs solution as 7.29 for all the electrochemical

characterization used.

E vs. RHE = Eagagcl + 0.059%pH + 0.197 4)
The oxidation overpotential (noer) for current density was determined by
correcting the thermodynamic potential of the water oxidation in pH 7 according to

equation (5).
NOER = Vonset,0ER — 1.23 (5)

Some aspects such as Tafel slope (mv.dec), overpotential (n), onset
(mV), and current density (j) parameters were obtained by analyzing the Linear Sweep

Voltammetry voltammograms for all the prepared catalysts.

3.7 Soft X-ray spectroscopy characterization

The samples were analyzed at the IPE beamline of the Sirius facility at the
Brazilian Synchrotron Light Laboratory using photoemission at A branch in the soft X-
ray range (100 — 2000 eV). The samples were freshly prepared and kept in place using
conductive carbon tape and silver ink, and then transferred to the vacuum chamber for

8 hours to minimize accumulation of contaminants at the surface.

3.7.1 X-ray Photoelectron spectroscopy

XPS spectra were performed using a PHOIBOS 150 analyzer from
SPECS using a photon energy of 1200 eV using a pass energy of 20 eV. Due to observed
surface charging in the samples during analysis, a flood gun beam was used to minimize
this effect. Before collecting a complete set of spectra for each element, several survey
scans were measured at different spots on the sample to evaluate sample homogeneity

and eventual beam damage. Quantitative XPS analysis was performed by using the area
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of the most intense peaks of each element after Shirley background removal correction
by photoionization cross-section, inelastic mean free path, and ring current.

3.7.2 X-ray Absorption spectroscopy
Total electron yield (TEY) and Fluorescence yield (FY) XAS were

obtained by measuring the drain current using a Stanford electrometer. A linear
background was subtracted from the data and the intensities were normalized to 1 after

the edges jump in Ni L-edges and Fe L-edges, respectively.

3.8 Supplementary measures

Electronic absorbance spectra were obtained by UV-Visible spectroscopy of the
following precursors: NiCl-6H20, Ks[Fe(CN)s], Ka[Fe(CN)s]-3H2.0 and NiHCF
powders using ferricyanide and ferrocyanide. Vibrational spectra of NiHCF were
obtained using ferricyanide and ferrocyanide precursors. To elucidate electronic and

vibrational bands arising from the aforementioned precursors.
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4. RESULTS AND DISCUSSION

4.1 Anodic catalyst film synthesis
4.1.1 NiHCF

As described in section 3.3, the nickel Prussian blue analogue (NiHCF) was
synthesized using an electrodeposition method divided into two stages using
chronoamperometry, and all the results are shown in Figure 10. Firstly, a reduction
potential is applied to the working electrode (FTO) immersed in a solution containing
Ni2* ions, in which the ions were reduced to metallic nickel (Figure 10A) due to the

applied potential and deposited on the substrate as a film (equation 6).

Ni2* + 2¢ = Ni° (6)
xK* + yNi2*+ [Fe(CN)g]* = KxNiy[Fe(CN)g] @)

After this first step, the metallic film was immersed in a solution containing
ferricyanide [Fe(CN)s]* and an oxidation potential was applied, and the metallic nickel
film was oxidized to Ni%* ions which interacted with ferricyanide in the solution

(equation 7), thus producing the NiHCF film electrochemically (Figure 10B)?>%,

Current (mA)

Ni’ deposition B NiHCF C NiHCF-vac

Current (mA)
Current (mA)

T M ] 50 100 1% 200
20 .0 0 50 100 150 200 50 i
Time (s) Time (s) Time (s)

Figure 10: Chronoamperograms obtained for Ni® (A), NiHCF (B) and NiHCF-vac (C) electrodeposition
synthesis as pale-grey, black and green line, respectively.

To create cyanide vacancies (ven) in NiHCF, it is necessary to apply a higher
oxidation potential (Figure 10C) during the synthesis to oxidize some of the cyanide
bridges during the nanomaterial synthesis process’”"?*. We believe that as cyanide
bridges are removed from the structure, an aquo ligand (H20) can be connected to the
metal centers, which can increase their catalytic performance® proposed by the
mechanism pathway that occurs in the WOR seen in Figure 11%. However, we must
evaluate the creation of defects in the Prussian blue structure from spectroscopy,

microscopy, and electrochemical studies.
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Figure 11: Catalytic cycle mechanism pathways proposed by the OER. (Craig, M. et al.)

4.1.2 NiFeOx
One strategy studied by our research group®?’ is the use of Prussian blue (PB)
and its analogues (PBA) as a template precursor for the synthesis of its metal oxides

through heat treatment (equation 8).

. A=500C°-—t=1h
NiHCF ———— NiFeOx (8)

In this way, the films of the analogues produced without and with the insertion
of cyanide vacancies in their structure were heat-treated using a tube furnace at a
temperature of 500°C for 1 h. This process breaks the cubic structure of the PBA,
allowing the metals to react with oxygen and form their oxides?"%,

heat treatment

KxNiy[Fe"(CN)s] —————— a NiO + b Fe;03 + ¢ NiFez04 (9)

As there are two different metals in their precursor structure, in this case, iron
and nickel, it is possible that after heat treatment the material will produce a mixture of
nickel oxides and iron oxides such as NiO, Fe2Oz, and NiFe2O4, for example (equation
9)?8 and the complex mixture of its oxides mentioned after the thermal decomposition
of NiHCF implies the improvement of the catalytic performance for anodic catalysts for

water electrolysis.
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4.1.3 RuO>

For a catalytic comparison study, ruthenium oxide (RuO) deposited onto FTO
was synthesized, applying a reduction potential in a solution containing ruthenium ions
and subsequent heat treatment at 500°C for 3 h?%?! as it is one of the state-of-art catalysts
for WOR.

4.2 Electronic UV-Visible absorbance spectroscopy

A study of the electronic configuration of the materials was carried out using the
UV-Visible electronic absorbance spectroscopy, to investigate possible electronic
changes in the ligand field transition metal-ligand charge transfer (MLCT) bands (~200
— 450 nm) regarding charge transfer intervalence band and d-d band (~550 — 800 nm)
of iron and nickel?®32. The absorbance spectra of the nickel Prussian blue analogues

films are shown in Figure 12.

It can be observed that both films present a similar profile but with some
significant differences. Analyzing the region of the 200 nm — 450 nm in NiHCF (Figure
13A) and NiHCF-vac (Figure 13B) spectra, both materials have two bands which are
associated with the 1T1g «*A1g and 3T1g <Ay, it is possible to verify the bathochromic
effect in the NiHCF-vac spectrum for these bands, as they moved to higher wavelengths
from 321 nm to 330 nm and from 388 nm to 412 nm (Table 2), indicating that there was
some electronic modification regarding the ligand-metal-ligand band after the defect

creation process.33*

Analyzing the intervalence charge transfer and d-d bands region (550 nm — 800
nm), it can be seen a d-d band in ~550 nm attributed with d-d Ni (d®) in a highly
displaced octahedral complex in the hexacyanometallate structure. However, the
assigned charge transfer intervalence band (600 nm — 800 nm) attributed for Fe (d°) to
Fe (d®) in which the NiHCF-vac spectra exhibit this band shifted to a shorter wavelength
from 726 nm to 691 nm (Table 2)3435,

This indicates that the creation of defects in the structure had significant effects
on the electronic characteristics of the cyanometallate complex. It is also important to
highlight that this shift may have a certain contribution from its precursors such as

ferricyanide and nickel (Table 2).
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Figure 12: Electronic spectroscopy UV-visible absorbance study of NiHCF (A) and NiHCF-vac (B)
films in black and green line, respectively.

Table 2: Electronic absorbance UV-Vis band and their respectively assignment for NiHCF and NiHCF-
vac and the comparison with PB, BG and their respectively precursors.

. Band . Band . Band . Band .
Materials ! Assignment 2 Assignment 3 Assignment 4 Assignment
(nm) (nm) (nm) (nm)

. N ' . N N | e - Intervalence Charge
NiHCF 321 Ty, <Ay 388 T, 1A, 555 d-d (Ni") 726 T e
NiHCF-vac 330 Ty <Ay, 412 The <A 551 d-d (Ni") 691 Im"?:ﬁ; harge
NiHCF(Fe') 310 Ty, A,

NiHCF(Fe't) 313 Ty, 1Ay, 413 Ty, <A,
NiCl,"6H,0 395 Ty, (P) = Ay 661 I, e Ay, 723 Ty, (F) = Ay,
K,[Fe(CN)| 305 IT,, 1A, 423 T, <A,
K,[Fe(CN),]-3H,0 316 T, A,
N Intervalence Charge
] N :
PB 408 Ty Ay 710 Trmger
BG 304 T, <A, 121 T, A, 757 Intervalence Charge
£ ¢ Transfer

For comparison with spectrum catalysts films to analogue powders (NiHCF(Fe'")
and NiHCF(Fe'"), UV-vis spectra of the analogues using ferrocyanide and ferricyanide
precursors both dispersed in water, were also obtained (Table 2), where some bands
coincide with those reported in Figure 12. However, it is not possible to see the bands
between 550 nm — 800 nm region. Since the NiHCF films were obtained from a
ferricyanide precursor solution, the spectra of the films are more similar to the
NiHCF(Fe''") spectra. It is important to highlight that the first band of both films is not
symmetrically to that of the analogue dispersed in solution, indicating the presence of

FeZ* in the structure of the material obtained in the films.

4.3 Vibrational Raman spectroscopy
Raman spectroscopy allows for the analysis of molecular vibrational modes and

provides us with fingerprint bands that can be identified. The vibrational spectroscopy
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spectra of the nickel Prussian blue analogues are presented in Figure 13. As predicted,
both materials exhibit bands between 2000 - 2200 cm™ in the spectra, which are
attributed to the stretching of v(CN) in the structure'®. These are fingerprint bands for
cyanometallates materials, corresponding to the Aig and Eq vibrational modes (Table
3)"1829 |t can be noted that v(CN) band region in NiHCF-vac is shifted to higher
wavelengths from 2088 cm™ and 2118 cm™ to 2147 cm™ and 2180 cm™. In addition to
v(CN), the cyano complexes exhibit v(MC), (MCN) and 6(CMC) band in the low-
frequency region (100 cm™ — 600 cm™) for both materials but the vibrational modes of
NiHCF-vac are shifted to shorter wavelengths compared to NiHCF (Table 3)*718,

NiHCF NiHCF-vac
2
12}
o
8
£
T v T v T v T v
500 1000 1500 2000 2500
Raman shift (cm™)

Figure 13: Vibrational Raman spectroscopy for NiHCF and NiHCF-vac in black and green solid lines
respectively.

Table 3: Raman vibrational modes assignment for NiHCF and NiHCF-vac materials.

Raman shift (cm™)
Vibrational mode assignment
Materials
v(CN)
o(CFe(C) o(FeCN) v(Fe()
Alg E,
NiHCF 264 471 506 2088 2147
NiHCF-vac 241 444 489 2118 2180

This shift can be understood from the higher bond force constant (k) of the

analogue with defects compared to the conventional analogue, which is directly
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proportional to the wavelength (v) (equation 10), and it helps to minimize the losses of
some cyanides in its structure. This can be related to the fact that higher metal oxidation
states can strengthen c-bonding and since electrons are removed from a weakly anti-
bonding orbital, the metallic centre oxidation can result in the increase of the v(cn), thus,
shifting the bands towards higher wavelengths”?°.
1 K

U= < X ; (10)

Furthermore, the Raman spectrum of NiHCF was compared with NiFeOx
(Figure 14), in which the disappearance of the cyanide v(CN) stretch of NiFeOy was
seen after heat treatment, indicating the decomposition of the cyanometallate structure
thermally, forming mixed oxides composed of iron and nickel. We can verify some
signature stretches of Fe20O3, NiO and NiFe,O4 with the vibrational modes being in 248
cm-1 (8Eq(Fe-0)), 403 cm-1 (TO) and 700 cm-1 (vA1g(Fe-0)/(Ni-0)),%¢38 respectively.
demonstrating that NiFeOyx is composed of a complex mixture of iron and nickel oxides.

NiHCF

NiFeO,

1 1 1 1 1 I 1 1 L
100 200 300 400 500 600 700 800 900 1900 2000 2100 2200 2300 2400 2500

Raman shift (cm™)

Figure 14: Vibrational Raman spectroscopy comparison to NiHCF to NiFeOx spectra.

4.4 Microscopy characterization

4.4.1 Scanning electronic microscopy

Using scanning electron microscopy (SEM), we aimed to obtain information on

how the analogue films were dispersed and deposited on the substrate and to understand
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if the introduction of vacancies had any morphological effect on the samples.
Additionally, we performed elemental mapping of the components in the nickel Prussian

blue structure.

Analyzing at high magnification to verify the cubic structure of the material, we
can see morphological differences between the nickel analogue with and without defects
(Figure 15). The NiHCF presents a relatively well-defined cubic morphology, while the
NiHCF-vac is significantly more amorphous and more aggregated cubes its structure is
less defined®23%-4L, Thus, the implementation of defects also impacts the morphological

aspects of the material.

NiHCF

NiHCF-vac

Figure 15: Morphological studies structures in NiHCF and NiHCF-vac, using scanning electron
microscopy.

Furthermore, the NiHCF is more evenly covered and dispersed on the substrate
while the NiHCF-vac presents darker regions associated with the underlying substrate

(Figure 16). This can be related to the synthesis process, as creating the material with



defects requires applying a higher oxidation potential (Erve = 2.4 V), which is above
the oxidation potential of water (E = 1.23 V). This process produces oxygen bubbles on
the surface, exposing some parts of the substrate when preparing the material with

defects.

NiHCF

NiHCF-vac

Figure 16: Scanning electron microscopy (SEM) and mapping elements of C, Fe, N and Ni by EDS for
NiHCF and NiHCF-vac in 5 um.

4.4.2 Atomic force microscopy

Atomic force microscopy provides information on how the material is
dispersed on the FTO glass substrate gathered by the “feeling” or “touching” the surface
with a mechanical probe which gives additional information on the topography,

thickness, and roughness (Sq) aspects of the sample??. The topography and average



40

roughness values of the FTO glass substrate, NIHCF, NiHCF-vac, and the thermally

treated analogues (NiFeOx) were analyzed.

FTO
glass substrate

NiHCF NiHCF-vac
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Figure 17: Atomic force microscopy topography image. FTO glass substrate (A), NiHCF (B) and
NiHCF-vac, respectively.

It can be observed that both NiHCF and NiHCF-vac films (Figure 17) covered
the substrate (Figure 17A) relatively well. However, the NiHCF-vac (Figure 17C) in its
structure presents a relatively lower topographic film height compared with the NiHCF
(Figure 17B), with values of 0.38 pum and 0.52 um respectively (Figure 18). As
mentioned in section 3.3.3, this decrease in thickness is associated due to the application
of a high oxidation potential during its electrochemical synthesis by lixiviation during
water oxidation reaction, which leads to a reduction in the film roughness factor (Sq)
from 58.02 nm to 38.52 nm for the materials without and with defects in the structure,

respectively.

FTO .
glass substrate NiHCF NiHCF-vac

0,38 ym
0,00 ym

Figure 18: Atomic force microscopy 3D topography image. Left to right. FTO glass substrate, NiHCF
and NiHCF, respectively.

For the analogues that passed by thermal treatment (NiFeOx and NiFeOx.vac) its
topographical appearance has changed, indicating a change from cyanometallate to its
mixed oxides mentioned. However, analyzing only the materials after heat treatment,
there is no significant topological difference compared to each other (Figure 19). The
thickness has changed from 0.52 um to 0.37 pm (NiHCF — NiFeOx) and from 0.38 um
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t0 1.16 pm (NiHCF-vac — NiFeOx-vac) (Figure 20) and the roughness value (Sq) from
90,16 nm to 52.13 nm. All the roughness values for all materials are shown in Table 5.
To obtain more information, it is necessary to conduct scanning electron microscopy

studies of these materials.

NiHCF NiHCF-vac
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f- 400 nm - 400 nm
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- 250 nm - 250nm
L 200 nm - 200 nm
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600 nm
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500 nm 500 nm
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100 nm 100 nm

0nm 0nm

Figure 19: Atomic force microscopy topography image for NiHCF after heat treatment. NiFeOy and
NiFeO)(-vac
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NiHCF NiHCF-vac

Figure 20: Atomic force microscopy 3D topograph imagens comparison from NiHCFs to NiFeOx.
4.5 Electrochemical studies

4.5.1 Cyclic voltammetry

Cyclic voltammetry was performed at a scan rate of 50 mV.s* in a 0.5 mol.L*
KNOs3 electrolyte solution with pH 7.29 to provide results on redox processes occurring
within the potential range between Eagagci = 0.0 V to Eagiagel = 1.0 V of the NiHCFs
materials. The results of the voltammograms are shown in Figure 22. It is possible to
verify two redox processes (1 and 2) in nickel Prussian analogue films in the potential
of Erne = 1.2 V and 1.4 V, which are attributed to oxidation and reduction of iron and
nickel species Fe''/Fe''' — CN — Ni'/Ni"" in the anodic catalysts differentiating the
stoichiometric formation of the NiHCF material and the iron redox processes from two

following reactions

(1) KNi'"is[Fe"(CN)e] = Ni''s[Fe"'(CN)e] + & + K* (11)
(2) K2Ni"[Fe'(CN)e] = KNi"'[Fe""(CN)¢] + & + K* (12)

The (1) process is associated the stoichiometric formation for KN1s5[Fe(CN)s]
and the (2) is for the stoichiometric formation for KoNi[Fe(CNe] due to the formation of
the material seen in equation 12, as it has more potassium in its structure, the
intercalation of the cation in its structure is difficult, requiring a greater potential for the
oxidation and reduction process of iron species to occur compared to that seen in

equation 11222°, From the voltammograms (Figure 21), the NiHCF-vac material has
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these redox peaks at 1.24 V and 1.37 V for Epea: and at 1.35 V and 1.20 V for Epeak2
(green line), while the NiHCF material has peak potentials at Epeax: 0f 1.23 V and 1.35
V and at Epeak2 0f 1.29 V and 1.19 V (black line). We can conclude that the insertion of
defects in the structure shifted the redox peak potentials to slightly higher values (Figure
22). Furthermore, the peak variation (AEpeak) Of the material is associated of the
reversibility of the process with vacancies is smaller than that of the material without
defects, with peak values of 40 mV and 24 mV for the material with vacancies, and 51

mV and 30 mV for the one without vacancies, respectively.

NiHCF NiHCF-vac
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Figure 21: Cyclic voltammogram for NiHCFs in 0.5 M KNO3; pH 7.29 condition. NiHCF and NiHCF-
vac in black and green lines, respectively.

4.5.2 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) was conducted on the material
and the substrate under the same electrolyte solution conditions, but applying a potential
of Eagiagcr = 1.7 V (E vs RHE = 2.31 V) standardised potential value for the
overpotential necessary for water oxidation to occur in the FTO glass substrate. The
Nyquist plots, characterized by a semi-circular behaviour, provide information about
the physical resistance, such as resistance solution (Rs), charge transfer resistance (Rct)

and the double-layer capacitance (QpL) during the electrochemical process*.



44

Analyzing the Nyquist plots results, we can see that both the substrate and the
nickel Prussian blue analogues and their oxide exhibit semicircular behaviour Thus,
with an adapted Randles’s equivalent circuit (Figure 22), where Rs is the solution
resistance to the electrode, R is the charge transfer resistance, and Qp. is a constant
phase element that can act as a hybrid of a capacitor or resistor (in which when its N
value is greater than 0.5 it can be more capacitive than resistive characteristics), it is
possible to give us the value of R for the materials one of the factors that the lower the
Rct value is, the better the charge transfer the material is. The Nyquist plots are shown

in Figure 23.

Figure 22: Adapted Randle’s circuit for fitting simulation for EIS results.

The height of the semicircles is quite significant between the FTO glass
substrate, and the material deposited on it, with the NiHCF-vac the smallest semicircle
height, which is directly related to the charge transfer through the electrode during an
electrochemical process. Comparing the NiHCFs each other (Figure 23A) the charge
transfer resistance values for the analogue with vacancies (green line) are 63.6 Q, and
234 Q for the conventional material (black line). Comparing the NiHCF to NiFeOx
(Figure 23B), the second one exhibits a lower R¢t than NiHCF, from 232 Q to 18.9 Q,
respectively (Table 4). The lower charge transfer resistance value indicates that the
defects engineering and the thermal decomposition facilitated the charge transfer

process of the material as an electrode.
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Figure 23: Electrochemical impedance spectroscopy Nyquist plot for FTO glass substrate, NiHCF and
NiHCF-vac in pale-grey, black and green line (A) and comparison from NiHCF to NiFeOy in blue line
(B), respectively at 2.31 V E vs. RHE (1.7 V in Eagagai), from 5.10°Hz to 0,005 Hz.

Table 4:

Electrochemical results obtained using electrochemical impedance spectroscopy. To calculate
ECSA value, we use Qp. divided by the Cs as 35 uF.cm™.

Materials R, (Q) Qpr. (nF) 1 ECSA”

FTO 1002 10.28 0.116 0.293

NiHCF 234 63.53 0.042 1.787

NiHCF-vac 63.6 47.03 0.011 1.343

NiFeOx 18.9 46.83 0.001 1.338

Another aspect that we can calculate is the electrochemically surface active area

(ECSA) of the materials considering QoL as a double-layer capacitance divided with the

specific capacitance (Cs) of conventional PBAs as 35 pF.cm° (Equation 13). Although

NiHCF-vac and NiFeOx have better charge transfer, their ECSA is relatively lower
(1.343 cm and 1.338 cm2) compared to NiHCF (1.787 cm?), this implies a higher

current density (j) for these materials after the defects insertion and heat treatment

processes.

ECSA =

QoL
Cs

(13)




46

4.5.3 Linear sweep voltammetry

Through linear voltammetry, we can verify when the water oxidation reaction
starts, determining the onset potential value (Figure 24). It is possible to analyze the
onset value among the analogues (black and green lines) and the obtained oxides (blue
and pink lines): the only difference between the samples before and after thermal
treatment is the current density, which is higher for the calcinated samples and, between
the oxides (NiFeOx and NiFeOx-vac), is higher for the one with defects (NiHCF-vac).
Using a normalized current density considering a geometric area of 1 cm2, we can
deduce from the voltammogram of the NiHCFs that the onset (n) of the material with
cyanide vacancies (NiHCF-vac) is lower compared to the conventional material (Figure
24A), changing from 821 mV to 774 mV, respectively. Thus, we can conclude that the
creation of defects in catalysts by electrochemical methods positively influenced the

catalysis of the water oxidation reaction!>174142,
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Figure 24: Left to right. Linear sweep voltammetry for FTO glass substrate, NiHCF, NiHCF-vac,
NiFeOy and NiFeOx.vsc in pale-grey, black, green, blue and pink line, respectively at scan rate 5 mVs™.

Furthermore, the onset of the analogues after the thermal treatment has a lower
onset value than their respective precursor, changing from 740 mV to 730 mV for
NiFeOx and NiFeOx.vac respectively (represented as a blue and pink line in Figure 24B).
On the other hand, when the analogues undergo the thermal treatment process®?,
implying that despite structural differences in the precursor are not significant

differences in their onset for the water oxidation reaction catalysis .
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4.6 Electrocatalysis evaluation parameters

From the linear sweep voltammogram, it is possible to extract electrocatalytic
parameters such as the onset of the reaction and, most importantly, the Tafel slope. The
Tafel slope, a kinetic parameter, relates the overpotential of the material to the logarithm
of the current density passing through the electrode. The lower its value for certain
materials, the higher is its catalytic performance®!°. The graph with the Tafel slopes of

the materials is shown in Figure 25.

It is observed that between the NiIHCF (black line) and NiHCF-vac (green line),
the value decreased from 204 mV.dec* to 201 mV.dec*. The decrease in the Tafel slope,
indicates a faster kinetic parameter. Furthermore, NiFeOx films (blue line) and NiFeOx.
vac (pink line) show lower Tafel slope values compared to their precursor (NiHCF), with

154 mV.dec? and 152 mV.dec™, respectively.

All electrocatalytic parameters obtained from the materials can be seen in Table
5, comparing their results with conventional Prussian Blue and RuO2 under mild
conditions for the water oxidation reaction. For electrocatalytic comparison studies, all
the materials have a better performance towards water oxidation reaction compared to
PB. Comparing to RuO- catalyst (cyan line) was used since this is one of the state-of-
the-art anode catalysts for the water oxidation reaction. Analogues that underwent
thermal treatment achieved values close to RuO2 a small difference between 20 mV to
NiFeOx.
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Figure 25: Tafel plot for NiHCF, NiHCF-vac, NiFeOy, NiFeOy.vac and RuO in black, green, blue, pink
and cyan line, respectively.

Table 5: Electrocatalysts parameters obtained and comparison with Prussian Blue (PB) and RuO2 for
anodic catalysts for water electrolysis under mild conditions. *The PB use a different working electrode

(GC) and method to calculate ECSA.

Ret ECSA Sq Overpotential | Tafel slope Ref.

Q) (cm?) (nm) (mV) (mV.dec?)
PB 840 0,092%* - 971 247 [7]
NiHCF 234 1.787 52.0 821 204 This work
NiHCF-vac 63.6 1.343 38.0 774 201 This work
NiFeOx 18.9 1.338 37,0 740 154 This work
NiFeOx-vac - - 116,0 730 152 This work
RuO2 - - 31.0 578 137 -

4.7 Soft X-ray spectroscopy characterization

4.7.1 X-ray photoelectron spectroscopy

Synchrotron-based soft X-ray photoelectron spectroscopy (XPS), performed at

the IPE synchrotron light beamline at LNLS-Sirius, was used to analyze the surface

composition and chemical speciation of Ni and Fe elements in the films produced within

the binding energy range of 900 eV to 0 eV. The survey graph is presented in Figure 26.
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Analyzing the nickel Prussian blue analogues (black and green lines) (Figure
26A), we can see that both present the same chemical composition, identifying Ni 2p
(853 eV), Fe 2p (708 eV), N 1s (398 eV), and C 1s (283 eV), with Sn 3d (485 eV) and
O 1s (531 eV) coming from the substrate (grey line)!%83° 1t is possible to observe a
decrease in the N 1s and C 1s peaks (maximum value of the peak at the theoric binding
energy) of the analogue with defects (green line), considering the atomic percentage of
N 1s and C 1s (Table 6) from 15.29 and 18.87 to 9.83 and 9.85 NiHCF and NiHCF-vac
respectively, moreover has a lower maximum peak intensity losses of 33% and 37%
intensity for N 1s and C 1s!"18, This strongly indicates that the analogue with vacancies
has fewer cyanide bonds in its structure.

CcPS 10*

NiHCF %
<t
= NiFeOx
i 2
NiHCF-vac a MLM
L NiFeOx-vac|
FTO glass
FTO glass
900 860 760 B(IIO 5('10 460 360 260 160 0 200 ar'm 760 sr'm 560 460 3(')0 260 100
Binding Energy (eV) Binding Energy (eV)

Figure 26: Soft X-ray photoelectron spectra of FTO glass, NiHCF and NiHCF-vac in pale-grey, black
and green lines (A). FTO glass, NiFeOx and NiFeOx-vac in pale-grey, blue and pink lines (B).

Table 6: Atomic composition (At %) of Ni, Fe, N, and C elements in NiHCF and NiHCF-vac samples.
Using the software CasaXPS®© to fitting Area, Composition and peak attribution.

Elements NiHCF NiHCF-vac
At %
Ni 35.46 41.94
Fe 30.39 38.39
N 15.29 9.83
C 18.87 9.85
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Another information we obtained is regarding the electronic binding energy shift
in which Ni 2p and Fe 2p, N 1s and C 1s of NiHCF and NiHCF-vac were analyzed
(Figure 28) as theoretically reported. For NiHCF, the binding energies for Ni 2p 3, and
Ni 2p 12 are found to be 854.1 eV and 871.6 eV having an offset value from the
theoretical (852.7 eV and 870.0 eV) of 1.4 eV and 1.6 eV. As for NiHCF-vac, the
energies are found at 853.1 eV and 870.1 having a displacement value of 0.4 eV and 0.1
eV. For Fe 2p 32 and Fe 12 eV (706.8 eV and 719.9 eV), binding energies are found for
NiHCF to be 708.6 eV and 722.6 and for NiHCF-vac to be 709.1 and 723.1,
respectively. The shift variation is 1.8 eV and 2.7 eV for NiHCF while the shift is 2.3
eV and 3.2 eV for NiHCF-vac. Therefore, this difference may be related to the insertion

of defect engineering into the sample, or also to the loading of samples during analysis.

For the analogues that underwent thermal treatment (Figure 26B) the survey
profile is very similar, we can see the absence of N 1s and C 1s peaks in both samples,
indicating that the cyanometallate structure of the material decomposed into oxides®, as
the Ni 2p, Fe 2p, and O 1s peaks are noticeable in both samples, although there is
substrate intensity contribution in the O 1s peak and Sn 3s (884 eV), 3p (750 ~ 715 eV)
and 3d (493 ~ 484 Ev) are more noticeable in the materials.

4.7.2 X-ray absorbance spectroscopy

Additionally, synchrotron-based soft X-ray absorption spectroscopy (XAS),
performed at the same IPE beamline station, was used to examine the ligand field
structure, defects, and chemical speciation of Ni and Fe in the materials before and after
catalysis for the water oxidation reaction seen from the differences in the electronic
binding energy of Ni 2p and Fe 2p found by the results of the XPS survey’*. The
analyses were carried out using two types of detection methods: total electron yield
(TEY), a more surface-sensitive method, and fluorescence yield (FY), which provides
more bulk information about the samples in which the Lz and L> edges (L3 are 2p 3,2 and
L. are 2p 112) of Ni and Fe before and after catalysis were examined and the results are

shown in Figure 27.

Analyzing the L3 edge of Fe for NiIHCF and NiHCF-vac (red and pink line), the
L3 have four resonant absorptions in the shoulder at 708.1 eV and the peak at 708.5 eV
are assigned to Fe 2p 32 = Fe (3d tag) and Fe 2p 312 — Fe (3d eg), respectively. The peak
at 710.4 eV is Fe 2p 32 »n and the peak at 712.6 eV is attributed to Fe 2p 32 — ¢ 47,
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at the Fe L-edge (red line), it is possible to see in NiHCF that the pre-catalysis material
has more Fe®* in its structure, and post-catalysis, the intensity decreases, revealing more
Fe2* species in its structure and for NiHCF-vac, both before and after catalysis, there
are more Fe®" species in its structure, which is a notable difference compared to the
analogue without defects, which has a significant portion of Fe?* species in its
structure.®®*°, We observe a small shift of the signals towards lower energy pre-
catalysts values in NiHCF-vac surface (TEY), which suggests the replacement of

cyanide to water ligand.
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Figure 27: Soft X-ray absorption spectra for Fe and Ni L3> edges in NiHCF and NiHCF-vac before and
after catalysts under mild conditions. Total electron yield (TEY) surface analysis and fluorescent yield
(FY) bulk analysis.

For the Lz edge of Ni for NiIHCF a NiHCF-vac (dark-green and green line),
presents three resonant absorptions a shoulder at 853.5 eV, a peak 855.5 and a peak at
859.8 eV which are assigned to Ni 2p 32 = Ni (3d tzg) with a change of symmetry
distortion of from Octahedral (On) to pyramidal (Cav), Ni 2 p 32 = Ni (3d eg) and satellite
peak respectively*>51-53 Moreover, at the Ni L-edge (green line), it is evident that the
element is essentially in a Ni%* low-spin (LS) configuration in NiHCF surface
(TEY)*®% while in NiHCF-vac the Ni L-edge, the nickel species are in a Ni%*

configuration pre-catalysis it is in a high-spin state (HS), while post-catalysis, it returns
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to a low-spin state in surface (TEY). The high-spin configuration of Ni?* species pre-
catalysis might indicate a symmetry distortion implied in an improved catalytic
performance due to the introduction of defect engineering in the structure®®->8 or
another hypothesis for these differences in NiIHCF-vac Ni L-edge surface (TEY) is the
formation of the NiOOH in the surface in which it labilizes during catalysis®t. We
observe a small shift of the signals towards lower energy values in NiHCF-vac, which

suggests the replacement of cyanide to water ligand and the values are tabled below.

Table 7: Surface analysis (TEY) before and after catalysis differences in Ni and Fe L3, edges
in NiHCF, NiHCF-vac and NiFeOx.

Fe L-Edge Ni L-Edge
TEY
analysis L3 (2psp) | L2(2pyp) | L3 (2pip) | L2(2pyy) | L3 (2psn) | L2(2pyy) | L3 (2psp) | L2(2p 1)
Before After Before After
. 7085 —710.5 | 7204 -721.5 | 708.6-7102 | 7206 —721.6 - e e . R . N
NiHCF 127 Y 1126 9234 853.6 —855.5 | 872.3-877.1 | 853.7-855.6 | 8723 -876.8
s 7084 —710.7 | 7204 -7213 | 708.5-710.6 | 7204 7214 < <
NiHCF-vac 123 Ty 24 34 853.2 -8552 | B70.4 -871.6 | 853.6 —855.4 | 8722 -876.9
NiFeOx 7086 ~710.1 | 721.7-7233 | 70867101 | 7216 -7234 | 85348553 | 870.6-871.7 | 8534 -8552 | 870.5-8716

When analyzing the materials that underwent thermal treatment compared to
NiHCF (Figure 28), it is noticeable that both Fe and Ni at the L-edge are predominantly
in the Fe** (red line) and Ni?* (green line) oxidation states, respectively, and they are in
a high-spin (HS) configuration both pre-and post-catalysis®®°. This is a strong
indication of why the nickel Prussian blue analogues that underwent thermal treatment
exhibit better performance as catalysts for the water oxidation reaction compared with
their precursor. Further investigations will be carried out in the literature to confirm our
proposed hypotheses based on the results obtained at the national synchrotron light
laboratory (LNLS).
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Figure 28: Soft X-ray absorption spectra for Fe and Ni L3> edges in NiHCF and NiFeOx before the
catalysts under mild conditions. Total electron yield (TEY) surface analysis and fluorescent yield (FY)
bulk analysis.
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5. CONCLUSION

In conclusion, it was possible to electrochemically synthesize nickel Prussian blue analogue
on the FTO glass substrate and use it as a template to produce metal oxides for its use as
catalysts in the water oxidation reaction. Additionally, defect engineering was implemented in
its structure through an electrochemical process, and its verification and implications were
analyzed and evaluated using spectroscopic, microscopic, and electrochemical techniques. A
catalytic study of all synthesized catalysts was conducted, comparing them to RuO; for the
water oxidation reaction under mild conditions based on Tafel slope. Although none of the
evaluated samples presented a Tafel value lower than RuO., the implementation of defects and
thermal treatment reduced this value compared to the analogue without any of these processes,
positively impacting its electrocatalytic performance under neutral conditions. The results
demonstrate a catalytic improvement in charge transfer (Rct) from 234 Q to 63.6 Q and 18.9
Q, a decrease in the overpotential (n) from 821 mV to 774 mV and 740 mV for NiHCF, NiHCF-
vac, and NiFeOx, respectively. Furthermore, the use of synchrotron light allowed for the
verification of the chemical speciation and oxidation states of the metals in the catalysts using
synchrotron soft X-ray techniques. Although the work can predict that defect engineering
improves the performance of catalysts for the water oxidation reaction, there are still many

challenges regarding how it influences the reaction mechanism of water electrolysis.
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APPENDIX

It is necessary to conduct some spectroscopic perform possible in situ tests (electrochemistry
coupled with spectroscopy, see the schematic procedure in supplementary information S1 and
S229°9 1o enrich the discussion of the results obtained so far. Additionally, it is crucial to
quantify the amount of oxygen gas produced with the prepared catalysts and determine whether
the creation of defects and thermal treatment improve the amount of oxygen gas produced from

the water-splitting reaction (see the schematic project in S3).
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S1: Schematic Raman spectroscopy in situ study using a screen-printed carbon electrode in a droplet
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S3: Schematic oxygen quantification chamber during the electrocatalysis using a polarography dissolved oxygen

sensor, and their respective quantification values using different working electrodes
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S4: UV-visible electronic absorbance spectra of NiClg-H20, Ferricyanide, Ferrocyanide, Prussian Blue,

Berlin green, NiHCF(using ferrocyanide) and NiHCF(using ferricyanide), respectively.
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S5: Raman spectroscopy of RuO; produced for catalysis comparison. The three peaks, are vibrational
modes characteristics for RuOs..
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S6: Soft X-ray photoelectron spectroscopy survey in 150 — 0 eV for NiHCF, NiHCF-vac, NiFeOx and
NiFeOx-vac, in black, green, blue and pink lines, respectively. All these materials have slight
differences in Ni 3s (111.0 eV) , Fe 3s (91.3 eV), Ni 3p (67.5 — 66 eV) and Fe 3p (57.7 eV). Other
peaks are assigned for FTO glass substrate.



