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Resumo

A conversdo direta da luz solar em hidrogénio por meio de células fotoeletroquimicas
(PEC) surge como uma das estratégias mais promissoras para a descarbonizagdo do setor
energético, ao integrar, em um Unico dispositivo, a captacdo fotdnica, a separacdo de cargas e
as reagdes de evolugcao de H2/O.. No entanto, a efici€éncia global desses sistemas ainda ¢ limitada
por fatores como a baixa absorc¢do espectral, a rapida recombinagdo de pares elétron-buraco e
a instabilidade estrutural dos fotoeletrodos. Diante desse cenario, o presente trabalho mapeou
de forma sistematica as relagdes entre as etapas de processamento, as caracteristicas estruturais
e as propriedades resultante de dois semicondutores abundantes, 6xido de tungsténio
subestequiométrico (WOs-) e nitreto de carbono grafitico (g-CsNa), visando a futura construcao
de fotoeletrodos Z-scheme para geragdo solar de hidrogénio. Filmes de WOs foram
depositados por pulverizacdo catodica com rampas de O: (2—10 sccm) e pelo Reactive Gas
Pulsing Process (RGPP) em duty cycles de 60 % e 90 % do periodo. A caracterizagdo por
Difracao de Raios X (DRX), Espectroscopia Raman, Microscopia eletronica de Varredura
(MEV), Espectroscopia de Impedancia Eletroquimica, voltametria ciclica e analises de Mott—
Schottky demonstrou que, embora todas as amostras apresentem a fase y-monoclinica do
WO:s-, aquelas obtidas com fluxos intermediarios de O (6—8 sccm) exibiram desempenho
fotoeletroquimico superior, com menor resisténcia de transferéncia de carga, maior
capacitancia, densidade de energia e fotocorrente sob iluminacdo AM 1.5 G. No processo
RGPP, o duty cycle de 90% do periodo resultou na formagdo de filmes colunares e
transparentes, enquanto o de 60 % do periodo produziu camadas mais densas. Essas amostras
foram tratadas termicamente em atmosfera ambiente e em fluxo continuo de argdnio, revelando
que a atmosfera de tratamento influenciou significativamente a transmitancia doptica e as
variagdes do band gap. Apds o recozimento, substratos de vidro promoveram a formacao de
Na:WOs., ao passo que os substratos de 6xido de estanho dopado com fluor (FTO) atuaram
como barreira a difusdo idnica, preservando a fase pura de WOs. Pos de g-CsNa4 foram obtidos
por policondensacao térmica da melamina entre 400 °C e 550 °C. Somente a calcinagdo a 550
°C conferiu as reflexdes (100)/(002) em DRX e os modos Raman caracteristicos, indicando
estrutura grafitica ordenada adequada para futura deposicdo em filme ou esfoliacdo. Os
resultados confirmam que o desempenho fotoeletroquimico de cada material depende
criticamente do equilibrio entre ordem cristalina e densidade de defeitos. A partir disso,
estabeleceram-se orientagdes estratégicas para o acoplamento dos materiais: empregar WO:—

moderadamente reduzido (6—8 sccm O2 ou 60 % e 90 % de P tratados termicamente em
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atmosfera de argonio), depositar g-CsNa a 550 °C sobre WO, e utilizar substratos com
propriedades difusivas e barreira, como o FTO. Embora a heteroestrutura ndo tenha sido
finalizada, o estudo estabelece janelas Otimas de sintese e requisitos de interface que
fundamentam etapas subsequentes rumo a fotoeletrodos compositos mais eficientes, estaveis e

economicamente viaveis para a conversao direta da energia solar em hidrogénio verde.
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Abstract

The direct conversion of solar energy into hydrogen through photoelectrochemical
(PEC) cells has emerged as one of the most promising strategies for decarbonizing the energy
sector, as it integrates into a single device photon harvesting, charge separation, and the
hydrogen/oxygen evolution reactions. However, the overall efficiency of these systems remains
limited by factors such as low spectral absorption, rapid electron—hole recombination, and
structural instability of the photoelectrodes. In this context, the present work systematically
mapped the relationships between processing conditions, structural features, and the resulting
properties of two earth-abundant semiconductors: sub-stoichiometric tungsten oxide (WOs—)
and graphitic carbon nitride (g-CsN4), aiming at the future development of Z-scheme
photoelectrodes for solar hydrogen production. WOs- films were deposited by reactive
sputtering with O: flow gradients (2—10 sccm) and through the Reactive Gas Pulsing Process
(RGPP) with duty cycles of 60% and 90% of the period. Characterization by X-ray Diffraction
(XRD), Raman spectroscopy, Scanning Electron Microscopy (SEM), Electrochemical
Impedance Spectroscopy (EIS), cyclic voltammetry, and Mott—Schottky analyses demonstrated
that, although all samples exhibited the y-monoclinic phase of WOs-, those obtained with
intermediate O: flows (6—8 sccm) showed superior photoelectrochemical performance,
including lower charge transfer resistance, higher capacitance, energy density, and photocurrent
under AM 1.5 G illumination. In the RGPP process, a 90% duty cycle led to the formation of
transparent columnar films, while a 60% duty cycle produced denser layers. These samples
were thermally treated in both ambient air and flowing argon, revealing that the annealing
atmosphere significantly influenced their optical transmittance and band gap variations. Upon
annealing, sodium-containing glass substrates promoted the formation of Na:WO., whereas
Fluorine-doped Tin Oxide (FTO) substrates acted as ionic diffusion barriers, preserving the
pure WOs phase. g-CsN4 powders were obtained by thermal polycondensation of melamine
between 400 °C and 550 °C. Only calcination at 550 °C yielded (100)/(002) reflections in XRD
and the characteristic Raman modes, indicating an ordered graphitic structure suitable for future
film deposition. The results confirm that the photoelectrochemical performance of each material
critically depends on the balance between crystalline order and defect density. Based on this,
strategic guidelines were established for material coupling: employing moderately reduced
WOs (68 sccm Oz or 60% and 90% of P thermally treated under argon), depositing g-CsNa
at 550 °C onto WOs-. Although the heterostructure has not yet been completed, this study



defines optimal synthesis windows and interfacial requirements that support subsequent stages
toward the development of more efficient, stable, and economically viable composite

photoelectrodes for the direct conversion of solar energy into green hydrogen.
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1 Introduction

1.1 Contextualization

One of the most pressing challenges faced by humanity today is the development of
clean, sustainable energy generation technologies. The widespread use of fossil fuels,
particularly since the Industrial Revolution, has led to serious environmental consequences due
to the emission of carbon dioxide and other greenhouse gases, which are the primary drivers of
global warming [1,2]. The decarbonization of energy systems is one of the key pathways to
stabilizing the planet's average temperature, and to prevent an increase of more than 2 °C, global
emissions must be zero or negative by the second half of this century [1]. Contrary to this reality,
studies indicate a continuous increase in demand, especially from industry, with projections
that global energy consumption will rise from ~600 quadrillion British Thermal Units (BTU)
in 2018 to ~900 quadrillion BTU in 2050 [2]. In this context, it is essential to develop alternative
energy sources that are clean, efficient, cost-effective, and environmentally sustainable.

Among the possible alternatives, solar energy is the largest and most abundant
renewable and carbon-free energy source available on Earth [1]. Since the amount of solar
energy that reaches the Earth per second exceeds 1.465 x 10 J (equivalent to the energy
generated by ~5 million tons of coal), it becomes the most viable alternative to replace the
currently most used energy sources [3]. However, before replacing fossil fuels, it is necessary
to find suitable solutions for storing this energy, mainly because solar energy (and other
renewable sources) is inherently intermittent. One of the most viable energy storage options is
in the form of fuel, as it can be stored for long periods and used when most appropriate [1].

A convenient way to store solar energy is through the process of splitting water (H20)
into hydrogen (H2) and oxygen (O2). This phenomenon, known in the scientific community as
water splitting (WS), is inspired by the natural process of photosynthesis, as it uses sunlight to
extract electrons from water and store these electrons in high-energy chemical bonds [1]. The
energy stored in the H-H chemical bond is easily released in the presence of oxygen, with H.O
and heat being the main products of this reaction [4,5]. In quantitative terms, the combustion of
1 kg of Hz releases ~142 MJ, whereas the combustion of 1 kg of gasoline produces ~47 MJ [6].
Due to occupying, in the liquid state, ~1/700 of the volume it would occupy in the gaseous state,
hydrogen has been used as a fuel for rocket and space capsule propulsion, which require
lightweight, compact fuels with high energy storage capacity [6].

Hydrogen produced sustainably is expected to play a fundamental role in the future of

both energy systems and the chemical industry. However, one question remains: What is the
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most cost-effective method to generate this "solar hydrogen?" According to Oruc and Dincer
(2021), several techniques are currently employed for the production of molecular H2 [5].
Among them, heterogeneous photocatalysis, which splits water molecules using solar radiation
that continuously reaches the Earth's surface, is one of the most promising methods. This
technique stands out mainly for being environmentally clean and having high cost-effectiveness
[7]. Nevertheless, despite promising advances in heterogeneous photocatalysis, there are still
some obstacles to overcome, such as the high recombination rate of electron—hole pairs and the
low redox kinetics occurring on the surface of the photocatalyst [8]. An interesting strategy to
partially overcome these limitations is depositing two types of photocatalysts—usually
semiconductors—in thin films on conductive substrates and placing them in a
photoelectrochemical cell (Photoelectrochemistry — PEC) [1,8]. This process, which will be
explained in more detail in the next section, simultaneously reduces the recombination rate and
increases the charge transfer rate at the semiconductor surface, favoring greater efficiency of
the WS process [8].

It is estimated that, depending on the technique, the production costs of solar Hz via PEC
cells range from US$1.60 to US$10.40 per kilogram of Hz [9]. However, as recently pointed
out by T. Jesper Jacobsson [10] the best PEC device currently available is still unable to surpass
the performance of commercial photovoltaic devices, indicating that there is still a long way to
go before PEC technology for H. generation becomes a viable reality. From a practical
standpoint, several factors must converge to make the PEC-based H: generation process both
efficient and sustainable. Among these factors, the following can be highlighted [7]:

1—when illuminated by sunlight, the semiconductor must generate a potential of at least
1.23 eV to split the water molecule;

11 — the bandgap of the semiconductor must be small enough to absorb solar radiation;

iii — the valence band (VB) and conduction band (CB) edge potentials at the
semiconductor surface must encompass the redox potentials of H and O;

iv — the system must exhibit high stability against corrosion in aqueous electrolytes;

v — Charge transfer at the semiconductor—solution interface must be facilitated to
minimize energy losses.

Despite the significant advances in materials science, many research groups worldwide
are still searching for materials that can simultaneously fulfill all these criteria while offering a
favorable cost-benefit ratio for large-scale applications. In practical terms, the solar-to-
hydrogen (STH) conversion efficiency and the device’s operational lifetime are considered the

most critical factors influencing the cost of hydrogen fuel. Some authors estimate that PEC cells
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will become viable when the STH efficiency exceeds 5% and the device exhibits a lifespan of
at least five years [1,11,12]. Additionally, the costs associated with the fabrication of
photoelectrodes must always be taken into account [1].

Water splitting via PEC processes was first reported by Fujishima and Honda in 1972
[13], using titanium dioxide (TiO:) as a light-absorbing photoelectrode, and since then, many
studies have been carried out to understand the fundamental processes and enhance the
photocatalytic efficiency of TiO: [13]. Although it possesses desirable properties from a
sustainability perspective, the light absorption of pure TiO: is limited to the UV region, as it
has a bandgap of 3.2 eV [14]. As a result, most of the solar radiation reaching Earth is not
utilized, given that sunlight is composed of approximately ~6.8% UV (A < 400 nm), ~38.9%
visible (A = 400-700 nm), and ~54.3% near-infrared (NIR) (A = 700-3000 nm) [15]. This has
led to the search for semiconductors with band gaps in the 1.0-2.0 eV range that can promote
WS by harvesting a broader portion of the solar spectrum. The first materials to exhibit
relatively high efficiency included GalnP: [16], InP [17], Cu [In, Ga] [S, Se]. (CIGS) [18], and
CulnS: (CIS) [19]. Combining some of these materials has resulted in WS efficiencies close to
the theoretical maximum. However, the fabrication costs of these materials are very high, and
some contain elements that are not Earth-abundant, such as indium, which hampers scalability
[14]. Thus, real technological advancement in this field is directly linked to the search for
catalysts with high catalytic efficiency, selectivity, and effective hydrogen accumulation.

Among the materials explored for photoanode applications, tungsten trioxide (WO3)
stands out due to its stability in acidic media, well-defined crystalline structure, and low
production cost [20,21]. WOs is an n-type semiconductor with an indirect bandgap ranging from
2.5t0 2.8 eV, allowing it to absorb visible light. However, its performance is limited by the fast
recombination of photogenerated electron—hole pairs and suboptimal charge separation. To
address these challenges, strategies involving defect engineering and the construction of
heterostructures have been proposed [22].

In parallel, graphitic carbon nitride (g-CsNa4) has gained attention for PEC applications
owing to its optical bandgap (~2.6-2.8 eV), structural stability, and simple synthesis routes. Its
structure consists of n—m stacked triazine or heptazine rings, and its elemental composition (C
and N) contributes to its sustainability [23,24]. Nevertheless, g-CsNa suffers from intrinsic
limitations, including low electrical conductivity and rapid charge recombination.

These drawbacks can be mitigated by introducing structural defects or combining g-
CsNa with other semiconductors. When integrated with WOs-, g-CsNa functions as an electron

donor, facilitating more efficient charge separation and extending light absorption through
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synergistic band alignment. This type-II heterostructure enhances photocatalytic activity,
improving hydrogen production and pollutant degradation [22,25].

Although the heterostructures proposed in this study have not yet been experimentally
characterized, the independent analyses of WOs— and g-CsN4 provide valuable insights for
future material integration and performance optimization [20,26-28].

In this context, the present study evaluates how oxygen gradients and Reactive Gas
Pulsing Process (RGPP) parameters influence the structural, optical, and photoelectrochemical
properties of WOs— thin films deposited by magnetron sputtering, while also assessing the
performance of g-CsNa produced by thermal polycondensation of melamine. Comparing these
results deepens the understanding of the physicochemical mechanisms that govern
photoelectrochemical efficiency and lays the foundation for developing advanced composite
electrodes geared toward solar hydrogen generation. The following section presents the general

and specific objectives that guided this investigation.

1.2 General and Specific Objectives

Given the context of this work, its main objective is the deposition of WOs- thin films
and g-CsNa nanoparticles to evaluate their potential as photoanodes in photoelectrochemical
(PEC) cells for hydrogen (H:) generation using the full solar spectrum. To achieve this goal,
the research was guided by the following specific objectives:

e Deposit WOs— layers on FTO, Si(100), and glass substrates by DC magnetron sputtering
while imposing a continuous O:-flow gradient (2—10 sccm);

o Investigate the structural, morphological, optical, and preliminary electrochemical
properties of the oxygen-gradient samples;

e Grow additional WOs- films via DC magnetron sputtering operated in RGPP mode at
duty cycles of 60 % and 90 %, introducing a periodic modulation of the reactive
atmosphere.

o Investigate the structural, morphological, optical, and preliminary electrochemical
properties of the RGPP samples;

e Produce g-CsNi by thermal polymerization of melamine at selected calcination
temperatures (400-550 °C) and assess its crystallinity, bonding environment, and
microstructure;

e To assess the photoelectrochemical performance of the WOs— films through cyclic
voltammetry (CV), electrochemical impedance spectroscopy (EIS), and Mott—Schottky
analysis in a three-electrode PEC setup.
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2 STATE OF THE ART

2.1 Principles of a Photoelectrochemical (PEC) Cell

A PEC cell consists of at least two electrodes responsible for oxidation and reduction
independently [29]. Figure 1 presents the main physical and chemical processes involved in
photoinduced processes within a conventional PEC cell. The basic principle of WS in PEC
processes is based on collecting solar light to dissociate water molecules into their components
(O2 + H2) with the help of a photocatalyst. The WS phenomenon is based on two half-reactions:
1) at the cathode (counter-electrode), the hydrogen evolution reaction (HER) takes place; i1) at
the photoanode (working electrode), the oxygen evolution reaction (OER) occurs. In a
conventional PEC cell, photoanode irradiation induces intrinsic ionization of the photoanode,

producing electrons (e7) in the CB and holes (h*) in the VB:

2hv — 2e + 2h* R.1

The photogenerated holes are responsible for one of the half-reactions, oxidizing and

splitting water into Oz and H" ions:

2h* + H:0 — %0:(g) + 2H* R.2

The photogenerated electrons in the anode are transferred to the cathode through an
external electrical circuit. The H* ions reach the cathode by crossing (when applicable) an ion-

exchange membrane and are reduced, producing gaseous Ho:

2H"+ 2e”— H:(g) R.3
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Figure 1 - Energy diagram of a typical PEC cell. Adapted from YAO etal., 2018 [29]

In the presence of light, semiconductors absorb photons with energy equal to or greater
than their respective band gaps, generating photocarriers. Under the action of an electric field
induced at the semiconductor/electrolyte interface (Ein), charges are separated, resulting in the
appearance of a photovoltage (Vph) that is responsible for the electrochemical reactions [29].
Thermodynamically, for water molecule splitting to occur, the following relationship must be

satisfied:

H:0 (liquid) + 237.2 kJ-mol™ (Vph) + 48.6 kJ-mol™ (heat) — H: + /20: R.3

This relationship indicates that a certain amount of potential energy and heat will be
stored in the H2> molecules after the WS process. The Gibbs free energy of 237.2 kJ-mol™ can
be converted into 1.23 eV per electron, the minimum value of Vph required for water splitting
into Hz and O.. [14].

To drive the reaction effectively, an extra potential (overpotential) is necessary, which
is converted into heat and stored in the H> molecules. [14]. The total energy of 285.8 kJ-mol™
(1.48 eV) is the theoretical minimum potential for an electrolytic cell to operate at 25 °C [14].
In practice, potential losses due to resistance throughout the cell must also be considered [29].

The energy stored as heat is usually extracted from the environment and becomes relevant only
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when H: is used for combustion. Conventionally, to calculate WS process efficiency, only the
potential of 1.23 eV is used [14].

In a PEC cell, this energy is obtained through light absorption, meaning that photons
with energy of at least 1.23 eV (wavelengths <1010 nm) per electron are required for the entire
WS process to occur. The theoretical maximum photovoltage that a semiconductor can generate
is ~400 mV below the bandgap energy [30], indicating that the bandgap of the semiconductor
used should be >1.6 eV for the reaction to occur at a reasonable rate. However, the higher the
bandgap value, the lower the amount of light that can be absorbed and, consequently, the lower
the efficiency of the PEC cell under sunlight [14]. Therefore, to design a PEC cell with
acceptable efficiency, a balance must exist between the bandgap energy of the semiconductor

and the spectral region of light absorbed.

2.2 WOs;.xcompounds and thin films

Tungsten trioxide (WQOs) is a transition metal oxide of significant scientific and
technological relevance, mainly due to its photocatalytic, electrochromic, and
photoelectrochemical properties [23,31,32]. Composed of tungsten in a +6 oxidation state
coordinated by oxygen atoms, WOs forms a framework of WOs octahedra. These octahedra are
distorted and variably connected, resulting in various structural polymorphs (Figure 2). The
importance of WOs arises from its band structure, chemical stability, visible light absorption,

and compatibility with large-scale deposition techniques such as sputtering [33].
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Figure 2 - Crystal structure of monoclinic WOs, composed of corner-sharing WOs octahedra.
Tungsten atoms are shown in blue and oxygen atoms in yellow. Structure rendered using
VESTA based on crystallographic data from the ICSD (PDF 01-089-4476).

Structurally, WOs is known for its rich polymorphism, exhibiting several crystalline
phases that depend on temperature and preparation conditions. These include monoclinic (-
WO:s), triclinic, orthorhombic, tetragonal, and cubic forms [23,33]. Among them, monoclinic
WO:s is the most stable phase at room temperature and is widely used in PEC research due to
its optimal charge transport characteristics and higher density of active sites [21,34]. Less stable
phases may emerge at high temperatures or under specific synthesis conditions and tend to
revert to the monoclinic form upon cooling or annealing [23,33].

From an electronic perspective, WOs is an n-type semiconductor with an indirect
bandgap typically ranging from 2.6 to 2.8 eV [23,33,35]. Its valence band is primarily
composed of O 2p orbitals, while the conduction band originates from W 5d states. This
configuration enables the generation of electron—hole pairs under visible light, where holes can
participate in the oxygen evolution reaction (OER) [32].

The synthesis of WOs can be achieved through various techniques, including sol-gel
[36], hydrothermal [34], spray deposition [37], and, particularly, DC reactive magnetron
sputtering. Sputtering enables high uniformity, precise control of stoichiometry, and
compatibility with large-area substrates [23,36]. In this process, a tungsten target is sputtered
in the presence of an Ar/O: plasma, and the oxygen partial pressure is finely tuned to yield
stoichiometric WOs. Parameters such as substrate temperature, deposition rate, and post-

deposition annealing influence the crystallinity, texture, and phase purity of the films.
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The physico-chemical properties of WOs include high thermal and chemical stability in
acidic environments, excellent optical transparency in the visible region, and good electron
mobility along specific crystallographic directions [23,37]. Its compact morphology, when
deposited by sputtering, provides high adhesion and long-term operational durability. These
attributes are beneficial in PEC cells, where WO; films function as photoanodes for water
oxidation [34].

The first reported use of WOs as a photoanode in a PEC cell was in 1976 by Hodes et
al., who demonstrated its capacity for anodic photocurrent generation under UV illumination in
aqueous electrolytes. This study marked a milestone in PEC research and positioned WOs as a
foundational material for photoelectrodes [38].

WOs photoanodes have demonstrated promising performance under solar illumination.
Their stability in acidic media, fast hole transport, and ease of integration into multilayer
structures are key advantages. However, limitations include low quantum efficiency in the red
region of the spectrum, a narrow absorption range, and an insufficient conduction band position
for hydrogen generation. Furthermore, photogenerated holes may recombine rapidly with
electrons if not efficiently extracted, reducing overall PEC efficiency [32,35].

Recent research efforts have focused on overcoming these limitations by coupling WOs
with co-catalysts, forming heterojunctions with other semiconductors, and engineering its
surface to enhance charge separation [23,33]. The incorporation of nanostructuring strategies
and plasmonic elements is also under exploration. These modifications aim to increase light
harvesting, reduce recombination losses, and extend the functional range of WOs-based systems
[39].

Despite being nominally stoichiometric, WOs often exhibits slight oxygen deficiencies,
which impact its electronic and catalytic properties. These sub-stoichiometric phases, referred
to as WOs—, will be addressed in detail in the following section. Their controlled formation
opens new pathways for defect engineering and performance optimization in PEC and
photocatalytic applications, thus bridging the gap between intrinsic material properties and

device-level functionalities.

2.2.1 Defect Engineering and Oxygen Vacancies in WO,

Oxygen vacancies (Oy) are intrinsic point defects that arise from the absence of oxygen
atoms in the crystal lattice of transition metal oxides, such as tungsten trioxide (WOs). These
vacancies play a crucial role in tuning the electronic, structural, and surface properties of WO,

particularly in its applications as a photoanode in photoelectrochemical (PEC) water splitting
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[40,41]. In stoichiometric WOs, each tungsten atom is coordinated by six oxygen atoms
arranged in distorted WOs octahedra [40,41]. When one or more of these oxygen atoms are
missing, localized excess electrons appear, typically linked to the partial reduction of W¢* to
W=*. These vacancies introduce shallow donor states near the conduction band minimum
(CBM), modifying the band structure, increasing n-type conductivity, shifting the Fermi level,
and enhancing charge carrier density [20,40,41]. Therefore, oxygen vacancies are potent tools
for adjusting the structural and electronic properties of WOs, which is particularly relevant for
applications in photoelectrochemical (PEC) water splitting.

Historically, oxygen-deficient tungsten oxides have been studied since the mid-20th
century, but only in recent decades have advances in techniques such as X-ray photoelectron
spectroscopy (XPS), electron paramagnetic resonance (EPR), and density functional theory
(DFT) simulations enabled a mechanistic understanding of their roles [42,43]. These studies
have shown that Oy induce bandgap narrowing due to mid-gap states and can give rise to quasi-
metallic behavior when present in high densities. Moreover, the structural changes resulting
from O, formation include local lattice distortions, increased surface energy, and often the
formation of nanostructured morphologies with high specific surface areas. Such morphological
changes further enhance the surface reactivity of WOs, benefiting charge transfer and catalytic
reactions [20,43].

Vacancy engineering strategies in the literature typically involve modulation of the
oxygen content during deposition or through post-treatment. Reactive DC magnetron
sputtering, for instance, allows for the synthesis of sub-stoichiometric WOs— films by adjusting
the O2/Ar ratio in the plasma environment [44]. Several studies report the use of distinct and
fixed oxygen flow conditions (e.g., 10%, 20%, 40% O-) to produce films with varying vacancy
concentrations and assess their influence on optical, electronic, and photoelectrochemical
properties [43]. In this work, a continuous modulation of the oxygen flow rate was applied
throughout the deposition process, allowing the formation of a graded defect profile across the
film thickness. Although this specific approach has been less frequently reported in the
literature, it offers a promising route for investigating the correlation between oxygen vacancy
distribution and functional properties.

Beyond flow modulation strategies, an advanced method for controlling the spatial and
temporal distribution of oxygen vacancies is the Reactive Gas Pulsing Process (RGPP)
[31,45,46]. Unlike continuous sputtering, RGPP introduces oxygen in periodic pulses, enabling
precise control over the plasma chemistry at the substrate surface. This technique is particularly

suitable for producing layered architectures with alternating stoichiometry or tailored defect
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profiles [31,45-47] . In this study, RGPP was employed to synthesize WOs thin films using
pulsed oxygen injection sequences with specific duty cycles.

Post-deposition treatments can further modulate the population and stability of oxygen
vacancies. Annealing in reducing atmospheres (e.g., H2, Ar/Hz) and doping with aliovalent
cations are commonly used to either promote or stabilize sub-stoichiometric states [48,49].
These strategies complement in situ deposition approaches and provide additional flexibility
for tuning surface and bulk defect densities.

From a functional perspective, oxygen vacancies have a strong influence on the PEC
behavior of WOs-. Vacancy-rich films exhibit increased electrical conductivity, bandgap
narrowing, Fermi level shifts, and improved visible-light absorption. Zhang et al. (2017) [50]
demonstrated that WOs— nanoplates achieved photocurrent densities of 2.15 mA-cm™2 at 1.23
V vs. RHE under AM 1.5G illumination—approximately 60% higher than their stoichiometric
counterparts. Similarly, Zhan et al. (2019) reported a cathodic shift of —0.15 V in onset potential
and a 1.6-fold increase in incident photon-to-current efficiency (IPCE) due to thermally induced
oxygen vacancies [51].

However, an excessive concentration of surface vacancies can act as recombination
centers, potentially counteracting the benefits of enhanced conductivity and carrier mobility.
Stability under prolonged operation, especially in acidic or alkaline electrolytes, also remains a
challenge, as surface defects may evolve or become passivated over time [50,52].

Looking ahead, integrating WOs— into heterojunctions, such as with graphitic carbon
nitride (g-CsNa) or bismuth vanadate (BiVOs), has shown promise for synergistic improvements
in light harvesting and carrier dynamics, according to reports by Li et al. (2025) and Yelan
Cheng et al. (2025) [40,53]. Such composite systems can leverage the benefits of engineered
Ov while mitigating their downsides. Therefore, oxygen vacancy engineering stands as a critical
pathway for the development of next-generation photoanodes and photocatalysts based on

tungsten oxide.

2.3 Graphitic Carbon Nitride (g-CsN4)

Graphitic carbon nitride (g-CsNa) is a polymeric semiconductor composed primarily of
carbon and nitrogen atoms arranged in a two-dimensional (2D) layered structure (Figure 3). It
is structurally derived from tri-s-triazine (CsN-) units, forming a planar network held together
by van der Waals forces [54,55]. Its molecular structure confers high thermal and chemical

stability, and its composition from earth-abundant elements makes it an environmentally
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friendly and cost-effective material for photocatalytic and photoelectrochemical applications

[26].
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Figure 3 - Molecular model of graphitic carbon nitride (g-CsNa). Carbon atoms are depicted
in grey, nitrogen in blue, and terminal hydrogen atoms in white.

The electronic structure of g-CsNa is characterized by a moderate bandgap, typically in
the range of 2.6 to 2.8 eV, which allows the absorption of visible light up to ~450 nm [54—56].
The valence band is mainly composed of nitrogen 2p orbitals, while the conduction band
originates from carbon 2p orbitals, resulting in a band alignment suitable for the reduction of
water to hydrogen under illumination [27,55]. However, the conduction band edge of pristine
g-CsNaq is not sufficiently negative to efficiently drive the hydrogen evolution reaction (HER)
without modification or coupling with co-catalysts [26].

In terms of stoichiometry, g-CsNa is often approximated as CsNa4; however, in practice,
it frequently exhibits structural imperfections and partial polymerization, resulting in a degree
of disorder that can impact its optoelectronic behavior. These imperfections, such as nitrogen
vacancies or carbon-rich domains, can be exploited to enhance photocatalytic performance
through defect engineering [27,57].

g-CsNs4 has been explored in a wide array of applications, including pollutant
degradation, CO: reduction, antibacterial surfaces, and, more recently, in photoelectrochemical
water splitting [22,55,58]. As a photocatalyst, it is commonly synthesized in powder form and
dispersed in aqueous media. However, recent efforts have been made to immobilize g-CsNa

onto conductive substrates to serve as photoelectrodes in PEC systems, although this
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application is still emerging and faces challenges such as poor conductivity and weak adhesion
to substrates [26].

The most common synthetic routes for g-CsNa involve thermal polycondensation of
nitrogen-rich precursors such as melamine, urea, thiourea, or dicyandiamide [54,56,57]. Among
these, melamine is the most frequently used due to its well-defined molecular structure and high
nitrogen content. The synthesis typically involves calcination in a muffle furnace at
temperatures ranging from 450 to 600°C under air or inert atmospheres, yielding a yellow
powder with layered morphology [54,59].

Polycondensation mechanism from melamine to g-CsNa. During heating, melamine first
dimerizes to melam via elimination of ammonia (NHs). Subsequent intramolecular
rearrangement yields melem, whose core consists of a heptazine ring (also termed tri-s-triazine,
CsN7). Continued deamination links multiple heptazine units into one-dimensional melon
chains, which finally condense laterally above ~520 °C to produce the fully conjugated 2D
network of g-CsNa. In this sequence the triazine ring (CsNs) serves as the basic aromatic motif
in melamine, while the heptazine ring becomes the structural backbone of the final material.
Figure 4 summarises these key intermediates and the stepwise release of NHs that drives the

reaction forward [60,61].
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Figure 4 - Schematic representation of the thermal polycondensation pathway from melamine
to graphitic carbon nitride (g-CsN4). Blue, grey, and white spheres represent nitrogen, carbon,
and hydrogen atoms, respectively. Adapted from Alaghmandfard et al, 2022 [60]

The gradual aromatization and growth of m-conjugation during polycondensation
narrow the bandgap slightly and introduce defect sites (e.g., ~NH— bridges and =N— vacancies)
that can modulate charge transport. Kinetic parameters such as heating rate, dwell time, and
ambient atmosphere critically influence the crystallinity, porosity, and defect density of the

resulting g-CsNa, thereby tuning its photocatalytic performance [54,60].
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Several factors, including crystallinity, morphology, surface area, and defect
concentration, govern the photocatalytic performance of g-CsNa. Various modifications have
been proposed to overcome its inherent limitations, such as rapid charge recombination and
limited light absorption. These include doping with metals or non-metals, formation of
heterojunctions with other semiconductors, and textural modifications like exfoliation and
templating [26,55].

Overall, g-CsNa4 represents a promising platform for sustainable photocatalysis and, with
further development, for PEC hydrogen production. Its non-toxic nature, facile synthesis, and
tunable properties make it a valuable candidate for integration with other semiconductors, such

as WOs, in composite photoelectrodes for efficient solar-driven water splitting [27,54,55].

2.4 WOs/g-CsN4 Heterostructures for Enhanced Hydrogen Production

Semiconductor heterostructures for photocatalysis have garnered increasing attention in
the field of sustainable hydrogen production due to their ability to optimize electron—hole pair
separation and enhance the efficiency of light-induced redox processes [62,63]. These
structures consist of two or more semiconductors with distinct energy bands, enabling the
formation of interfaces that facilitate charge transfer and reduce carrier recombination [27]. In
particular, heterostructures formed by tungsten oxide (WOs) and graphitic carbon nitride (g-
CsN4) have emerged as promising systems for photoelectrochemical applications [63].

Historically, the concept of semiconductor heterostructures was established within the
domain of solid-state physics and has since been extensively utilized in electronic and
optoelectronic devices [64]. The application of heterostructures in photocatalysis emerged
subsequently, marked by a pivotal contribution from Fujishima and Honda in 1972, who
introduced the TiO2/Pt system for water splitting [13,62]. Since that time, various
semiconductors have been integrated into heterostructures to improve hydrogen evolution
performance [25,63].

Heterostructures can be systematically categorized into three principal types: type I,
type II, and the Z-scheme, as described by Chen et al. (2024) [65]. Type I heterostructures tend
to accumulate both electrons and holes within the same material, thereby promoting
recombination due to the absence of a driving force for charge separation [63]. In the case of
type II heterostructures, the conduction band minimum (CBM) and valence band maximum
(VBM) of one semiconductor are situated at lower energy levels compared to those of the other,

facilitating the migration of electrons to the lower CBM and the movement of holes to the higher
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VBM [63,64]. This phenomenon results in spatial charge separation; however, it also
diminishes the redox effectiveness [64] . Conversely, the Z-scheme model emulates the electron
transfer mechanism observed in natural photosynthesis. In this model, photogenerated electrons
from the conduction band of the less oxidative semiconductor recombine with holes from the
valence band of the more reductive semiconductor at a solid—solid interface or an electron
mediator [65]. This model effectively retains the electrons with higher reductive power and
holes with greater oxidative potential within their respective semiconductors [63]. The
designation "Z-scheme" originates from the zigzag configuration depicted in the energy
diagram, which illustrates the two-step photoexcitation and recombination pathway. This
concept was initially proposed by Bard in 1979 for the advancement of artificial photosynthesis
systems [64,65]

In the specific case of WOs and g-CsN4, recent studies have indicated that these materials
predominantly form Z-scheme heterostructures, particularly when WOs presents oxygen
vacancies (WOs—) [28]. These vacancies facilitate electron transfer from the conduction band
of WOs to the valence band of g-CsNa, thereby allowing both materials to sustain their
significant redox potential and enhance the efficiency of photoinduced reactions [63].

Their complementary properties justify the combination of WOs and g-CsNa [65]. WOs
demonstrates strong oxidative capacity (Egap between 2.4 and 2.8 eV), while g-CsN4 displays
good reducing capability and visible-light absorption (Egap ~ 2.7 eV) [27]. By integrating these
semiconductors, individual limitations—such as rapid charge recombination in g-CsNa and the
positively shifted conduction band of WOs—are overcome, resulting in improved
photocatalytic activity [64].

From a structural perspective, HRTEM and XPS analyses confirm the formation of
2D/2D interfaces between the materials, which facilitate efficient charge transfer [64]. Oxygen
vacancies in WOs— serve as electron trapping sites and modulate energy levels, broadening the
spectral absorption and enhancing carrier separation [28].

The physicochemical properties of these heterostructures include high surface area,
strong thermal and chemical stability, broad visible-light absorption, and enhanced redox
capacity [26]. Electrochemical tests such as electrochemical impedance spectroscopy (EIS) and
photocurrent measurements indicate reduced charge transfer resistance and improved electron—
hole separation compared to isolated materials [25,66].

Among the main advantages of WOs/g-CsNa systems are their low cost, abundance of

precursors, facile synthesis, and chemical robustness [62]. However, challenges remain
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regarding precise control of the heterointerface, long-term stability of WOs— phases, and
scalable reproducibility [25].

Recent studies have reported significant improvements in hydrogen evolution under
visible light, with rates up to five times higher than those of individual semiconductors and
excellent stability across multiple cycles [63]. In addition to hydrogen production, selective
hydrocarbon oxidation and pollutant degradation have also been demonstrated [64].

Current trends focus on defect engineering, metal doping, and coupling with plasmonic
nanoparticles [65]. Despite the progress, there is a lack of studies directly correlating interfacial
structure with in situ spectroscopic data and performance under simulated sunlight [27].
Moreover, further efforts are required to develop integrated devices and long-term operational

studies for industrial-scale applications [66].

3 MATERIALS AND METHODS
3.1 DC Magnetron Sputtering

Magnetron sputtering is a physical vapour deposition process in which the film grows
from the ejection of atoms off a cathodic target bombarded by ions; the phenomenon is
sustained by a self-consistent plasma maintained at pressures of 10°—10"2 Torr. Under such
rarefied conditions, free electrons are accelerated by the negative electric field applied to the
cathode and, upon colliding with neutral argon atoms, generate new ionised species that sustain
the glow discharge; this mechanism establishes a dynamic equilibrium in which the electron
density reaches 10'-10"® m™ while the heavy species remain close to room temperature, a
regime commonly referred to as a low-temperature or “cold” plasma [67] . In contrast to thermal
plasmas—where electrons, ions and neutrals share temperatures of several thousand kelvin—
the non-thermal regime employed in sputtering enables intense chemical activation without
imposing significant thermal load on the substrate [67] .

Once the discharge is established, Ar* ions are accelerated towards the metallic target
by the high negative potential (~ 300—600 V) applied to the cathode. The momentum transfer
that occurs during ion—target collisions dislodge neutral atoms from the surface—a
phenomenon known as sputtering—which then traverse the chamber’s free path and condense
on the substrate, forming the thin film [68]. The distinctive feature of magnetron sputtering lies
in the introduction of a magnetic field parallel to the target by permanent magnets; the field
forces electrons into tangential helical trajectories, confining them near the surface and

drastically increasing the probability of ionizing collisions. This “magnetic trap” raises the local
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plasma density, allows operation at even lower pressures, boosts the deposition rate, reduces
substrate heating and generates the characteristic racetrack erosion profile, as illustrated in

Figure 5.
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Figure 5 - Schematic illustration of the magnetron sputtering deposition process.

The process can operate in DC mode for conductive targets or in RF mode (13.56 MHz)
when sputtering insulators, since the alternating polarity prevents surface charging. More recent
advances include HiPIMS, in which power pulses in the kW.cm™ range generate highly ionized
plasmas that favors denser, better-adhering films, as reviewed by Anders [68]. The method’s
flexibility is further expanded by reactive sputtering, wherein gases such as O: or N2 are
introduced and react chemically with the metallic flux to form compounds directly during
deposition; the associated hysteresis phenomena and control mechanisms in reactive
atmospheres have been analysed by Depla et al [69] .

From an application standpoint, magnetron sputtering is valued for its ability to produce
coatings of high purity, excellent adhesion, and fine control of thickness and stoichiometry,
enabling the fabrication of transparent electrodes, diffusion barriers in semiconductors, and
functional films for photoelectrochemical devices. Comprehensive reviews published recently
identify remaining challenges, such as mitigating defects induced by ion bombardment and
scaling HiPIMS configurations to industrial throughput, yet concur in positioning the technique

as a cornerstone of thin-film engineering in the near future [68].
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3.2 Deposition of WOs. thin films by DC Magnetron Sputtering

Tungsten oxide thin films were deposited on glass, silicon (100), and fluorine-doped tin
oxide (FTO) substrates. Before deposition, the substrates were pre-cleaned in an ultrasonic bath
using acetone and ethanol for 10 minutes each to remove surface contaminants and ensure
proper film adhesion.

The deposition process was carried out using a DC dual magnetron sputtering system
(Figure 6(a)), equipped with a 100 mm diameter tungsten target with 99% purity (Figure 6(b)).
Before deposition, the chamber was evacuated to a residual pressure of approximately 107 torr
using a turbomolecular pump backed by a mechanical pump to ensure a clean and controlled
environment. The process was conducted under controlled conditions: a fixed target power of
150 W, an argon flow of 10 sccm, a deposition time of 60 minutes, and an ambient substrate

temperature.
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Figure 6 — (a) DC dual magnetron sputtering system used for thin film deposition. (b) Internal
view of the deposition chamber showing the tungsten target and the substrate holder
arrangement.

To induce an oxygen gradient in the WO: films, a ramped oxygen flow was applied
during the deposition process. The oxygen flow was initially set to specific starting values (2,
4, 6, or 8 sccm) and then gradually increased to a maximum of 10 sccm over 60 minutes, using
a dynamic gas flow controller. This procedure created a controlled ramp of oxygen flow

throughout the deposition. Additionally, a control sample was prepared under constant
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conditions, with the oxygen flow maintained at 10 sccm throughout the entire deposition
process.After deposition, the samples were heat-treated for 2 hours at 450 °C with a heating
rate of 1°C/min in an ambient atmosphere. This post-deposition annealing step, while essential
for structural stabilization, may have promoted partial or total reoxidation of the films,
particularly in the upper layers. As a result, the oxygen stoichiometry gradient initially induced
during deposition could have been attenuated or even eliminated in some samples. This factor
should be taken into account when interpreting the subsequent structural, optical, and functional
characterizations. The resulting samples were labeled as WOs-2, WO3——4, WO3-—6, WO3-—

8, and WO:-—10, corresponding to the initial oxygen flow in sccm used during deposition.

3.3 Deposition of WQOs thin films by DC Magnetron Sputtering and
Reactive Gas Pulsing Process (RGPP)

The deposition of tungsten oxide (WOs—) thin films by the Reactive Gas Pulsing Process
(RGPP) was carried out during a master's research internship, under the supervision of Prof.
Dr. Nicolas Martin, in collaboration with the FEMTO-ST laboratory in France. This stage was
made possible through a research internship scholarship abroad and was conducted using a DC
magnetron sputtering system equipped with RGPP, a resource not available at the home
laboratory in Brazil.

This investigation continued the study previously initiated using an oxygen gradient
deposition approach (described in Section 3.2), and expanded it by employing the Reactive Gas
Pulsing Process (RGPP) to enable precise control over oxygen incorporation during film

growth, aiming to modulate stoichiometry and oxygen vacancy density.

3.3.1 Hysteresis Study and Definition of the Operating Regime

Prior to deposition, a hysteresis curve study was conducted to determine the operating
parameters in the stable reactive regime.

To carry out this study, a test deposition was conducted using a custom-built DC reactive
magnetron sputtering system, equipped with a 2-inch tungsten target with a purity of 99.9 %.
(illustrated in Figure 7(a), along with the internal view of the deposition chamber shown in
Figure 7(b)). Before deposition, the chamber was evacuated to an final pressure of
approximately 10”7 mbar using a turbomolecular pump backed by a mechanical pump to ensure
a clean and controlled environment for the sputtering process under controlled conditions: A

fixed current of 100 mA, an argon flow of 13% of 20 sccm (2.6 sccm), and a pumping speed of
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13 L/s. The oxygen flow was increased by 1% every 2 minutes, ranging from 0 to 15% of 20
sccm, and then this percentage was reduced every 1% intervals until returning to zero.
Throughout the process, the total system pressure and the voltage at the tungsten target were

recorded every two minutes.

Internal view of the
process chamber

(a) (b)

Figure 7 — (a) DC magnetron sputtering system used for the deposition of WO films via
Reactive Gas Pulsing Process (RGPP). (b) Internal view of the deposition chamber showing
the tungsten target and the substrate holder arrangement.

The results obtained from the test deposition are illustrated in Figure 8. At the
beginning of the deposition, without the presence of oxygen, the potential of the tungsten target
is 311 V, corresponding to a completely metallic film. With the initiation of oxygen gas
injection, the potential increases to 338 V and continues to rise gradually until reaching a
maximum of 498 V for an oxygen flow of 14%. As for the total system pressure, with the start
of oxygen injection, there is a decrease from 2.79x107 to 2.34x10 mbar at 2% oxygen flow,
and then it begins to increase until it reaches a maximum value of 3.54x10~ mbar at 14%
oxygen flow, continuing to rise as the oxygen flow decreases. To guarantee a stable operation
in the reactive mode, the oxygen flow chosen for the next experiments was set to 14% of 20

sccm (2.8 scem).
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Figure 8 - Hysteresis curve of the sputtering system showing the evolution of total pressure
and target voltage as a function of oxygen flow rate.

3.3.2 Choosing a period (P)

The objective of this experiment was to determine the ideal pulsing period (P) to ensure
complete and stable alternation between the metallic and oxidized modes during the reactive
sputtering process of tungsten. The methodology employed consisted of using an oxygen flow
varying between a maximum of 2.8 sccm and a minimum of 0 sccm, a pumping speed (S) of
13 L/s, and a duty cycle fixed set at 50% of P. The duty cycle is defined as the ratio of the Ton
(the time during which oxygen is actively injected) to the total pulsing period (P), expressed as
dc=Ton/T. Ton and Toff represent, respectively, the duration of maximum oxygen flow and the
absence of oxygen during the pulsing cycle [46]. An illustrative example of the oxygen pulsing
profile is shown in Figure 9(b), which helps to visualize the alternation between ON and OFF
segments during the gas pulsing cycle

The results of the experiment are presented in Figure 9(a) indicated that the Tcrossover,
the time required for the system to fully alternate between the metallic and oxidized modes, is
approximately 10 seconds. To ensure greater stability and allow for complete transitions, 50%
of Tcrossover was added, resulting in an ideal pulsing period of 15 seconds, as the final

recommended parameter for future experiments.
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Figure 9 — (a) Evolution of target voltage during the initial seconds of oxygen exposure,
indicating the system’s crossover time (Tcrossover) used to define the pulse period. (b) An
example of the pulsed oxygen flow rate vs. time.

3.3.3 Deposition Time

To determine the optimal deposition time for obtaining thin films with a thickness of
approximately 500 nm, preliminary depositions were performed using duty cycle values of 60%
and 90% of P. These values were selected from a broader experimental set including duty cycles
of 60%, 65%, 70%, 75%, 80%, 85%, and 90%. The 60% and 90% duty cycles were chosen for
presentation in this dissertation because they represent the extremes of the tested range and
showed the most pronounced differences in structural and optical properties, allowing for a
clear comparative analysis.

The depositions were carried out under the following parameters: A fixed current of
100 mA, an argon flow of 2.6 sccm, a pumping speed of 13 L/s, and an oxygen flow of 0 to 2.8
sccm. The deposition time was set to 15 minutes for all tests. The resulting film thicknesses

were analyzed using mechanical profilometry, and the following results were obtained (Table

1):

Table 1 - Thickness and deposition rate of WO thin films deposited using 60% and 90%
duty cycles. The values were obtained by mechanical profilometry.

Duty Cycle (% of T) Thickness (nm)  Deposition Rate (nm/min)
60 686 + 23 343+1.2
90 713 +£20 357+1.0
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After the initial tests to define the deposition parameters, WOy thin films were deposited
using the same system. During the process, the tungsten target current was kept constant at [=
100 mA, while the argon flow rate was maintained at qar = 2.6 sccm. A constant pumping speed
of S =13 L/s resulted in an argon partial pressure of pa= 2.8 x 107 mbar.

The oxygen flow rate was pulsed during the deposition process using the Reactive Gas
Pulsing Process (RGPP). A constant pulsing period of P=15 s was employed, with a maximum
oxygen flow rate of qOxmax= 2.8 sccm during Ton, and a minimum oxygen flow rate of qOxmin=
0 sccm during Tofr. The duty cycle was varied to investigate its effect on film deposition, and
thin films were deposited with values of 60% and 90% of P, yielding seven distinct samples
labeled as WO3.x-60 and WO3.4-90.

The substrates used for deposition included glass, silicon (100), and fluorine-doped tin
oxide (FTO). Before deposition, the substrates were thoroughly cleaned in an ultrasonic bath
using acetone for 10 minutes, followed by ethanol for an additional 10 minutes, to remove
surface contaminants and ensure proper adhesion of the films

After deposition, all samples were subjected to thermal treatment to evaluate the
influence of annealing conditions on the structural and optical properties of the films. The glass
and silicon substrates were physically divided into two halves: one-half of each sample was
annealed at 450 °C for 2 hours in an ambient atmosphere (air), and the other half in an inert
argon atmosphere, both with a heating rate of 5 °C/min. As the FTO substrates could not be
physically sectioned, new films were deposited under identical conditions to serve as

counterparts for the respective thermal treatments.

3.4 Synthesis of g-CsN4
To produce graphitic carbon nitride (g-CsN4), 1 g of melamine (Sigma-Aldrich, 99%)

was placed in a crucible and wrapped in aluminum foil to minimize material loss during the
thermopolymerization process. The melamine was then heated at different temperatures—
400 °C, 450 °C, 500 °C, and 550 °C—for 4 hours, with a heating rate of 5 °C per minute. The
resulting samples were labeled M40, M45, M50, and M55, respectively. Figure 10 illustrates

the sample preparation procedure.
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Figure 10 - Schematic representation of the g-C3N4 preparation process.

3.5 Characterization techniques

3.5.1 Characterization of Gradient Oxygen Samples

The tungsten oxide thin films deposited with an oxygen gradient were characterized
through a comprehensive set of techniques to evaluate their structural, optical, and surface
properties, thereby supporting the photoelectrochemical performance analysis.

X-ray diffraction (XRD) analyses were performed using a PANalytical Empyrean
diffractometer operating at 40 kV and 40 mA, equipped with a Cu Ka radiation source (A =
0.15418 nm). The diffraction patterns were collected over a 20 range from 20° to 90°, with a
fixed divergence slit of 1/2°, a 10 mm mask, and a step size of 0.013° with a counting time of
0.013 s per step. Phase identification was performed through Le Bail refinement [70,71] using
the HighScore Plus software (Malvern PANalytical) [70], allowing for the accurate fitting of
the diffraction profiles and confirmation of the crystalline phases present in the samples.

Raman spectroscopy was conducted using a Horiba Evolution system with a 532 nm
laser wavelength. A 600 mm/gr diffraction grating and a 100x lens were employed for focusing.
The acquisition time was set to 45 seconds with three accumulations, and a 25% filter was
applied. The spectral range measured was from 100 to 1200 cm™.

Optical transmittance measurements were performed using a UV-Vis Evolution 220
spectrometer (Thermo Scientific), which covers a wavelength range from 190 nm to 1100 nm.
A Ramé-Hard Model 500 goniometer was used for contact angle measurements, with deionized

water and diiodomethane as the test liquids. Film thickness and surface roughness were
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measured using a KLA Tencor P7 profilometer. The morphology of the films was examined

using a Tescan Vega 3 scanning electron microscope (SEM) operated at 5 kV.

3.5.2 Characterization of RGPP Samples

The tungsten oxide films synthesized via the Reactive Gas Pulsing Process (RGPP) were
characterized using advanced structural, morphological, and spectroscopic techniques. All
characterizations were conducted at the MIMENTO technology center in France. Surface
morphology was examined using an Apreo Slow-vacuum scanning electron microscope
(ThermoFisher), operated in immersion mode with secondary electron detectors (T2/T3). The
system was configured with an accelerating voltage of 2.00 kV, a beam current of 25 or 50 pA,
and a working distance of 5 mm. Grazing incidence XRD (GIXRD) patterns were recorded
using a Malvern Panalytical Aeris diffractometer with Cu Ka radiation (A = 1.5418 A),
operating at 30 kV and 10 mA, with a fixed incidence angle of 0.8° and a 20 scan range from
20° to 90°. Optical properties were assessed through transmittance spectra measured with a
Lambda 900 UV—-Vis spectrophotometer (PerkinElmer), operating in the 200—1100 nm range
with a scan speed of 1 nm/s. Surface chemical composition and elemental states were
investigated by X-ray photoelectron spectroscopy (XPS), employing Al Ka radiation (1486.6
eV), with a spot size of 200 um, power of 50 W, and voltage of 15 kV. Survey and high-
resolution spectra were collected using pass energies of 280 eV and 55 eV, respectively. Pass

energy = 280 eV/55 eV pour spectres/fenétres

3.5.3 Characterization of g-CsN4 Powder

The g-CsN4 powder obtained via thermal polycondensation was subjected to a set of
morphological, structural, and spectroscopic characterizations to elucidate its physicochemical
features. Morphology was examined using a Tescan Mira 3 field-emission scanning electron
microscope (FE-SEM), operated with a beam energy of 10 eV, using the secondary electron
detection mode. Elemental composition was evaluated through energy-dispersive X-ray
spectroscopy (EDX) using an Oxford EDX system coupled to a Tescan Vega 3 SEM.
Functional groups and bonding environments were investigated by Fourier-transform infrared
spectroscopy (FTIR) using a PerkinElmer spectrometer in UATR mode, acquiring 32 scans
over the spectral range of 4000400 cm™. XRD measurements were conducted on a
PANalytical Empyrean diffractometer equipped with a Cu Ka source (A = 0.1542 nm),

operating in 6—26 mode with sample rotation at 16 rpm. Complementary Raman analysis was
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carried out using a HORIBA LabRAM Odyssey system, equipped with a 785 nm laser, a 50%

objective lens, and a 300 gr/mm diffraction grating.

3.6 Photoelectrochemistry setup and conditions

Photoelectrochemical (PEC) measurements were performed using a Metrohm
AUTOLAB PGSTAT 302N potentiostat equipped with a frequency response analysis (FRA)
module (Figure 11). A conventional three-electrode configuration was utilized, consisting of
an Ag/AgCl (saturated KCI) reference electrode, a platinum wire as the counter electrode, and
the WO3.based films (exposed area: 0.9 cm?) as the working electrode. The experiments were
conducted using a 0.5 M Na>SOa cell in a quartz-window PEC aqueous electrolyte. Before each
measurement, the electrolyte was freshly replaced for each sample.

Electrochemical impedance spectroscopy (EIS) was performed at open circuit potential
(OCP) and under polarization at 0.36 V vs. Ag/AgCl, a potential determined from photocurrent
density measurements under illumination. The measurements were conducted before and after
cyclic voltammetry to assess possible changes in interfacial properties. EIS spectra were
recorded over a frequency range from 10° Hz to 0.1 Hz, using a sinusoidal perturbation of 0.1
Vrms.

Mott—Schottky plots were acquired at a fixed frequency of 1000 Hz to estimate flat-
band potential and donor density. The measurements were performed under dark conditions.

Cyclic voltammetry (CV) was performed in the dark and under illumination, within a
potential window ranging from —0.4 to +1.0 V vs. Ag/AgCl, using a scan rate of 25 mV-s™.
[NIlumination was provided by a solar simulator (ABET Technologies, model 10500), equipped
with a 150 W DC xenon lamp and an AM 1.5G filter. The simulator was positioned at a fixed
distance of 15 cm from the PEC cell. The same simulator was utilized to determine the potential
corresponding to maximum photoresponse, which guided the choice of polarization potential

in the EIS measurements.
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Figure 11 - Schematic of the photoelectrochemical (PEC) setup employed in this study.

4 RESULTS AND DISCUSSION
4.1 WOs thin films by oxygen gradient

4.1.1 Structure, morphology, and composition

The bias voltage (Vb) was monitored in real time throughout the deposition to elucidate
how the programmed O: flow ramps influence plasma dynamics and film growth conditions.
Figure 12(a) shows the synchronous traces of Vb and oxygen flow rate (©O.) for each
experiment. During the argon pre-sputtering interval (=5 to 0 min), Vb remained below 450 V,
a level typical of the metallic sputtering mode for tungsten [72]. Immediately after O injection
(t = 0 min), Vb rose sharply as the target surface oxidized; once the voltage reached
approximately 510 V, the discharge stabilized in the compound regime, in agreement with the
threshold reported for comparable W—O systems [72]. Films deposited under slower oxygen
ramp conditions (WOs—-2 and WOs--4) took several minutes to reach this plateau, evidencing
slower target poisoning. In contrast, higher initial O: flows (WOs—-6, -8, and -10) quickly
attained the steady-state voltage, indicating a rapid transition to a fully oxidized target and a
stable reactive plasma.

Figure 12(b) confirms that the observed variation in bias voltage correlates with the
oxygen flow rate applied during deposition. The linear increase in ®O: for each condition
illustrates the programmed ramp profiles used to control the oxidation dynamics of the growing

films.
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Figure 12 - (a) Evolution of bias voltage as a function of deposition time for WO films
synthesized under different oxygen ramp conditions. The pre-sputtering step (-5 to 0 min)
was performed under a pure argon atmosphere to stabilize the plasma before oxygen
introduction. (b) Oxygen flow profiles (®O:) were programmed during the deposition of each
sample.

The thickness and surface morphology of the WOs- thin films were first evaluated using
2D profilometry. The measurements revealed an inverse trend between film thickness and the
oxygen flow applied during deposition. The WOs—2 sample (2 sccm) presented the highest
average thickness (1157 & 50 nm), while WO:-—10 (10 sccm) showed the lowest value (536 +
40 nm), as illustrated in Figure 13(a) and Table 2. This gradual reduction is associated with
the progressive transition to the compound regime during reactive sputtering, in which
poisoning of the target by oxygen reduces the deposition rate by forming an insulating oxide
layer on the cathode. Similar results were reported by Olejnicek et al. (2022), who demonstrated
the decrease in thickness with increasing oxygen flow due to sputtering suppression in highly

oxidizing regimes [73].
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Figure 13 - (a) Film thickness as a function of initial oxygen flow rate. Error bars show the
standard deviation from multiple profilometry scans. (b) Surface roughness variation with
initial oxygen flow rate.

Table 2 - Average film thickness and surface-roughness of WOs— thin films.

Sample Thickness (nm) Roughness (nm)
WOs3x-2 1157 +£50 69.7
WOsx-4 1117 +30 28.8
WOsx- 6 1112 +£20 75.0
WOsx-8 862 + 50 57.5

WO0Os3x-10 536 +£40 48.6

In parallel, the roughness values obtained from 3D profilometry (Figure 14) revealed a
non-monotonic behavior. The highest roughness was observed for WOs-—6 (75 nm), while
WOs-—4 exhibited the smoothest surface (28.8 nm), suggesting that intermediate oxygen flow
ramps favor surface instabilities or heterogeneous granular growth. In contrast, under extreme
flows, roughness is governed respectively by high growth rates and disordered nucleation (low
flow), or by reduced surface mobility and resputtering (high flow), in agreement with
discussions by Hrubantova et al. (2022) on complex oxide films grown by DC sputtering [74].

From these observations, it becomes evident that oxygen flow control is a critical
variable not only for modulating film thickness but also for engineering surface roughness, a
key factor in the mechanical and functional robustness of the electrodes. Surfaces with moderate

roughness and hierarchical architecture, as observed in WOs-—6 and WOs-,—8, promote greater
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adhesion to the substrate and lower mechanical fragility, attributes also discussed by Singh et

al. (2024) for films applied in optoelectronic devices [75]
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Figure 14 - Three-dimensional surface topography of WO thin films synthesized under
different O ramps: (a) WOs—~-2, (b) WOs-4, (¢) WOs3-6, (d) WOs~-8 and (¢) WO:~-10.
Colour scales represent height variations relative to the mean plane.

These morphological observations are further supported by the cross-sectional SEM

images presented in Figure 15 which also confirm the thickness trends observed in
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profilometry, with a margin of deviations within + 4 %. Films deposited with the lowest initial
oxygen flows (WO:-—2 and WOs-—4) exhibit a clearly defined bilayer architecture consisting
of a dense metallic sublayer (183 nm and 115 nm, respectively) overlain by a significantly
thicker oxidized layer. This stratification results from the initial oxygen-deficient plasma
conditions that favor metallic tungsten (W°) growth. As the oxygen flow increases and the
cathode bias gradually approaches ~510 V, the system transitions into the compound sputtering
regime, enabling the formation of a WO:- layer atop the metallic base.

The thickness of the metallic sublayer in WOs-—2 exceeds that of WOs-—4, reflecting
the longer duration during which the target remained in the metallic regime. This delay in
reaching the compound mode is linked to the slower ramping of oxygen, allowing more W° to
accumulate before full target poisoning occurred. Conversely, films grown under higher oxygen
ramp rates (WOs——6, -8, and -10) reach the compound regime within the first minute of
deposition, leading to a single-phase, compositionally homogeneous structure across the entire
thickness. This dynamic transition underscores the correlation between the applied bias voltage,
structural morphology, and film architecture, which has been reported in the literature for

sputtered transition metal oxides under similar plasma conditions [73,75,76].
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(e)

Figure 15 - Cross-sectional SEM images and corresponding thickness measurements of
WO films deposited under progressively higher initial oxygen-flow ramps: (a) WO3--2, (b)
WO3--4, (c) WO3--6, (d) WO3~-8, and (e) WO3-,-10.

Static contact-angle measurements with polar (water) and apolar (diiodomethane)
liquids, analysed through the geometric model for surface-energy calculations, provided
information on the surface wettability of WOs thin films; the results are presented in Table 3
and Figure 16. All samples exhibited hydrophilic behaviour, as confirmed by water contact
angles below 40°, in agreement with previous studies [77,78]. Sample WO:-—8 showed the
lowest angle (15.3°) and the highest total surface free energy (76.45 mJ-m2); similarly high
values were recorded for WO3——6 (74.32 mJ-m2) and WOs—4 (75.64 mJ-m2). These more
energetic surfaces, enriched in polar components, favour both the adsorption of reactive species
and the separation and extraction of charge carriers during photoelectrochemical operation. This
behavior is further reinforced by the combination of moderate surface roughness and enhanced
surface polarity, particularly in samples obtained under intermediate oxygen flows, which
promote hierarchical morphologies beneficial to wettability and catalytic efficiency. Such
correlations between microstructure, roughness, and wettability have also been reported in the
literature for nanoporous WOs films, where surface architecture plays a decisive role in
interfacial charge transfer processes [44]. In contrast, WOs——10 exhibited the largest contact
angle (39.7°) and the lowest total surface free energy (65.27 mJ-m™2), whereas WOs——2
displayed 34.9° and 69.47 mJ-m™, respectively, indicating relatively more apolar surfaces

compared with the films obtained under intermediate oxygen ramps.
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Table 3 - Static contact angles and surface-free-energy components of WOs— films

Water Diiodomethane Polar Dispersive Surface Free Energy
Sample (Angle) (Angle) Component Component (mJ/m?)
& g (mJ/m?) (mJ/m?)
WOs3x-2 34.95+£0.01 25.21+0.04 23.40+£0.01 46.08+0.01 69.47 £ 0.01
WO3x-4 18.76£0.01 28.19+0.01 30.69+0.01 44.95+0.01 75.64 £0.01
WOs3x-6 21.31+0.01 30.67 £ 0.01 30.38+0.01 43.94+0.01 74.32 +£0.01
WO03x-8 1533+0.01 29.26 +0.01 31.92+0.01 44.53+0.01 76.45+0.01
WOs3x-10 39.71 £ 0.01 33.33+0.01 2248+ 0.01 42.79+0.01 65.27 +£0.01
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Figure 16 - Influence of the initial oxygen flow on (a) the contact angles of water (b) the
contact angles of diiodomethane and (c) the total surface free energy of WOs— films.
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In summary, the combined analyses of deposition parameters, film thickness, surface
roughness, microstructure, and wettability provide a comprehensive understanding of how
reactive sputtering conditions influence the physical characteristics of WOs— films. These
insights lay the groundwork for the following discussion on the crystallographic structure and

vibrational behavior of the samples.

4.1.2 Crystallographic and Vibrational Analysis

The X-ray diffraction (XRD) analysis was performed to identify the crystalline phases
present in the WOs films. This technique is based on the diffraction of monochromatic X-rays
by the periodic arrangement of atoms in a crystalline solid, enabling the determination of phase
composition, crystallite size, and structural strain. The patterns were refined using the Le Bail
method [70,71], a whole-pattern fitting procedure that allows extraction of unit cell parameters
without requiring knowledge of atomic positions. The refinements were implemented in the
HighScore Plus software package [79], which enables reliable deconvolution of overlapping
peaks and precise determination of lattice parameters.

The diffraction patterns (Figure 17) show that all samples exhibit exclusively the
monoclinic y-WOs phase (P21/n, space group 14; ICSD PDF 01-089-4476). The only additional
peaks detected originate from the fluorine-doped tin oxide (FTO) substrate and are clearly
indicated in the diffractograms. No reflections from metallic tungsten or sub-stoichiometric
tungsten oxides were observed, suggesting that even the film deposited under the lowest initial
oxygen flow conditions is predominantly oxidized. This behavior is consistent with studies
reported in the literature, which indicate that the monoclinic phase remains stable up to 400 °C
in WOs nanoparticles, with phase transition to f-WOs only occurring at 500 °C [21,74].

Refinement results are summarized in Table 4. Among the films, WOs-—2 displays the
largest unit cell volume, which progressively contracts with increasing oxygen flow, stabilizing
near 424.5 A3 for flows above 4 sccm. This contraction is attributed to the reduced concentration
of oxygen vacancies as more oxygen is incorporated into the lattice, leading to restoration of
W-0O bonds and shortening of lattice parameters [74]. Similar structural relaxation with
decreasing vacancy concentration has also been reported for WOs- films deposited via
sputtering under different oxygen regimes [74].

Furthermore, the microstrain (¢), which reflects lattice distortions due to defects or
stress, decreases from 0.60% in WOs——2 to 0.43% in WO;-—8, corroborating the progressive

lattice relaxation as the film approaches stoichiometry. A slight increase in € to 0.46% for
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WOs-,—10 may be related to residual stresses induced by lower deposition rates and enhanced
ion bombardment in highly oxidizing plasma environments, as also noted by Hrubantova et al.
(2022) in similar sputtering conditions [74].

The average crystallite size also follows a trend consistent with reduced disorder and
improved crystalline quality under increased oxygen flow. It increases from 31 nm in WOs——
2 to a maximum of 43.7 nm in WOs-—8. This observation aligns with previous findings where
enhanced oxidizing atmospheres during sputtering promoted grain growth and crystallinity
[74].

These structural insights reinforce the direct relationship between the reactive sputtering
atmosphere, defect concentration, and resulting crystalline quality of WOs films, offering a
solid foundation for interpreting their functional behavior in subsequent photoelectrochemical

and vibrational analyses.
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Figure 17 - X-ray diffraction patterns of WOs— films. For each sample, the experimental
profile (black) is overlaid with the Le Bail refinement (red), the fitted background (blue), and
the difference curve (green). Reflection indices correspond to monoclinic y-WOs (ICDD PDF

01-089-4476); tick marks at the bottom indicate peaks from the FTO substrate.
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Table 4 - Refined structural parameters of monoclinic y-WOs thin films. Listed are the lattice
constants a, b, ¢, mono-clinic angle B, unit-cell volume, microstrain, volume-averaged,
crystallite size, and the goodness-of-fit indicators ¥, Rexp and Ry, obtained from Le Bail
refinements of the X-ray diffraction data.

Unit cell Microstrain Crystallite size

Sample  a(A) b (A) c(A) B (deg) X2 Resy  Rwp

vol (A3) (%) (nm)
WOs«-2 7.3570(1) 7.5520(7) 7.7390(1) 90.648(9) 429.9539 0.600 31.45+0.51  4.255 5.5128 11.3729
WOsx-4 7.3130(6) 7.5276(5) 7.6926(6) 90.513(6) 423.4560 0.480 38.16+0.025  3.001 5.7150 99112
WOsx-6 7.3190(3) 7.5367(3) 7.6959(4) 90.510(6) 424.5050 0.476 39.6140.023  3.213  5.7819 10.3656
WOs-8 7.3205(9) 7.5389(6) 7.700(1) 90.505(7) 424.9583 0.433 43.65+0.10  4.140 5.8721 11.9481
WOs-10 7.3173(7)  7.533(4)  7.6984(5) 90.547(7) 424.3309 0.461 40.49+0.046  2.446 6.2945 9.8451

As a complementary technique to X-ray diffraction, Raman spectroscopy was employed
to investigate the vibrational modes of the WOs-— films and to support the identification of the
crystalline phases. The spectra obtained (Figure 18) exhibit the typical vibrational fingerprint
of monoclinic y-WOs, with no evidence of secondary or amorphous phases [80].

Raman spectroscopy revealed the main vibrational modes of the monoclinic y-WOs
phase at approximately 132, 182, 271, 325, 714, and 806 cm™'. These bands are attributed to
lattice vibrations (<200 cm™), O—W-0 bending (~270-330 cm™), and W-O stretching modes
(~712-810 cm™), consistent with the monoclinic y-phase of WOs. The assignments are
corroborated by previous studies, which associate the bands at ~270 and 326 cm™ with O—W-
O bending modes and the bands at ~712 and 806 cm™ with asymmetric and terminal W=0
stretching modes, respectively [73,74,81].

The broadening of the Raman peaks in the lower frequency region for WOx-2 and WO,-
4 suggests increased structural disorder and a higher concentration of oxygen vacancies. The
progressive blue-shift of the 714 cm™ band and the intensity rise of the 806 cm™! band with
increasing O: flow indicate a local oxidation of tungsten sites, consistent with previous
observations [81,82].

The persistence of all major vibrational modes across the entire series of samples,
regardless of the oxygen flow conditions, reinforces the structural findings from XRD and

confirms the dominance of the monoclinic y-WOs phase throughout the set.
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Figure 18 - Raman spectra (A exc = 532 nm) of WOs films. The dashed lines mark the main
vibra-tional modes of monoclinic y-WO:s.

4.1.3 Optical Properties

UV-Vis transmittance spectroscopy is a widely employed technique for the optical
characterization of semiconductor thin films, as it enables the evaluation of electromagnetic
radiation absorption as a function of the energy of incident photons. Through analysis of the
transmittance spectra, it is possible to estimate fundamental properties such as the optical
bandgap energy (Eg), the presence of intermediate states, and the structural quality of the
material. Transmittance is sensitive to variations in thickness, morphology, and stoichiometry,
making it an essential tool for the assessment of materials intended for optoelectronic devices,
solar cells, and photoelectrodes.

In this study, the spectra obtained for WOs— thin films revealed typical behavior of
semiconductors with an indirect bandgap, exhibiting significant transmittance in the visible
range and an absorption edge that shifts toward longer wavelengths as the oxygen flow during

deposition decreases.
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Figure 19 - (a) UV-Vis—NIR transmittance spectra (200—1100 nm) of WOs- films grown
with initial oxygen flows of 2, 4, 6, 8 and 10 sccm. (b) Tauc plots for the translucent samples;
dotted lines are the linear fits used to determine the indirect optical band gap.

The transmittance spectra clearly demonstrate a strong influence of the initial O: flow
on the optical transparency of the films (Figure 19(a)). The sample WOs3.-2 is practically
opaque throughout the entire spectral range, due to its high thickness (~ 1.3 pm) and dark
coloration. For oxygen flows between 4 and 10 sccm, the visible transmittance reaches 70—
75%, displaying well-defined interference fringes that confirm good thickness uniformity and
low extinction coefficients.

The optical bandgap energy (Eg) was determined using the Tauc method, which is
widely used for the analysis of semiconductor materials [83]. This method relates the absorption

coefficient (a) to the photon energy (hv) through the following Eq.2:

(ahv)""=A(hv—E,), Eq.2

where A is a constant, Eg represents the bandgap energy, and the exponent n depends
on the type of electronic transition involved [83]. For indirect transitions, as in the case of
WOs-, the exponent n i1s equal to 0.5. This selection is supported by the structural
characteristics of tungsten oxide and is confirmed in the recent literature [44,73,76,84]. Thus,

)0.5

the plot was constructed by plotting (ahv)™ versus hv, and the Eg value was obtained by

extrapolating the linear portion of the curve to the energy axis.
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The analysis (Figure 19(b)) indicates that the indirect optical bandgap increases with
stoichiometry: from 2.91 eV in WO:--4 to 3.13 eV in WOs--10, passing through 3.00 eV in
WO0O:-6 and WOs-8. One hypothesis is that this bandgap widening is associated with a
gradual decrease in the concentration of oxygen vacancies and W** cations, whose presence in
WOs«-4 reduces the band separation by introducing shallow donor levels. As the target
becomes rapidly poisoned (flows > 6 sccm), the W¢* content increases and donor states are
suppressed, shifting the absorption edge toward higher energies.

The coincidence between the gap values (~ 3.0-3.1 eV) and the region of maximum
surface free energy (WOs -6 and WOs«-8) suggests that an intermediate concentration of
vacancies simultaneously optimizes transparency, surface activity, and photoelectrochemical
performance. WOs--10, although more transparent and exhibiting a wider bandgap, presents
lower surface polarity and therefore a reduced electrochemically active area.

Previous studies support the interpretation of  these results.
CHANANONNAWATHORN et al. (2012) demonstrated that reducing the oxygen flow during
the sputtering deposition of WO:s leads to a decrease in the bandgap energy, due to the increased
concentration of vacancies and greater structural disorder [44]. HRUBANOVA et al. (2022)
reported variations in Eg values ranging from 2.6 to 3.1 eV, depending on the stoichiometry
and thermal treatment applied to the films [76].

Therefore, the transmittance results demonstrate that the control of oxygen flow during
film deposition is a crucial factor for engineering the band structure of WOs- films, allowing
the tuning of their optical properties as desired, in agreement with findings reported in the

literature.

4.1.4 Photoelectrochemistry Properties

Electrochemical impedance spectroscopy (EIS) is a powerful technique used to probe
interfacial charge transfer phenomena and the electrical behavior of electrochemical systems
over a range of frequencies. In the context of photoelectrochemical (PEC) water splitting, EIS
allows the investigation of key parameters such as solution resistance (R;), charge transfer
resistance (R1), and diffusion or recombination-related resistance in the bulk or interface (R,).
These parameters, extracted via fitting with equivalent circuits, provide insight into the
semiconductor/electrolyte interface dynamics, the effectiveness of charge separation, and the
degree of disorder or defectiveness within the electrode material [85].

In this study, EIS measurements were performed under open circuit potential (OCP) and

under anodic polarization at +0.36 V vs. Ag/AgCl, both before and after cyclic voltammetry
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under simulated solar illumination. The Nyquist plots obtained are presented in Figure 20, and
the equivalent circuit used for fitting is shown in Figure 21. This model comprises two-time
constants: one associated with the electrode/electrolyte interface (Ri||CPE:1), and another with
transport or accumulation within the film (R,||CPE-z).

The fitting parameters are summarized in Table 5. The solution resistance R, remained
nearly constant across all samples (15-21), indicating that the observed impedance
differences are primarily attributed to interfacial phenomena. Under OCP conditions, the charge
transfer resistance Ri decreased significantly with increasing O: flow, from 25 kQ in WOs--2
to 4.9 kQ in WOs--8, before increasing again in WOs—-10 (63 kQ). This behavior is indicative
of an optimal concentration of oxygen vacancies and improved surface hydrophilicity at
intermediate flows.

A similar trend was observed for R, which reached its lowest value in W3-8
(~ 64 kQ), suggesting enhanced charge mobility within the film, possibly due to better
crystallinity and defect distribution. After light exposure, both R: and R, decreased further for
all samples, with more pronounced changes in WOs—-4 and WOs--6. These results point to
photoinduced passivation of shallow traps associated with sub-stoichiometric defects, which
promotes more efficient charge separation and increases the capacitance of the electrical double
layer.

Under polarization at +0.36 V, the semicircles shifted to higher frequencies, maintaining
the resistance hierarchy. Once again, WOs-6 and WOs--8 exhibited the lowest R: and R,
values, with reductions of approximately 40% after illumination. This suggests that light-
induced effects persist under bias and reinforce interfacial charge transfer. Additionally, the
increase in the CPE: exponent (n2) for these samples indicates a more homogeneous interface,

which is consistent with structural refinement driven by the oxygen gradient.
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Figure 20 - Nyquist plots obtained from electrochemical impedance spectroscopy (EIS)

for the WOs- electrodes under four experimental conditions: (a) open-circuit potential (OCP)
before photoe-lectrochemical testing, (b) OCP after illumination, (c¢) under anodic polarisation

before illumina-tion and (d) under the same polarisation after illumination.
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Figure 21 - Equivalent electrical circuit employed to fit the EIS data.
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Table S - Fitted electrochemical-impedance parameters for WOs- electrodes under different
measurement conditions.

Yo Yoz
Sample Condition Rs (Q) R1 (©) (uMho-s") Ni Rp (Q) (aMho-s?) N2
OCP Before 16.0 253 996.0 0.701 285000 73.7 0.878
OCP After 15.3 18.7 6060 0.509 112000 124 0.878
WO larized Before 159 66.8 487 0.688 356000 39.3 0.907
Polarized After 15.6 29.7 1540 0.602 162000 61.0 0.909
OCP Before 17.9 8.74 1410 0.472 307000 35.6 0.945
OCP After 18.2 2.73 493 0.672 147000 74.7 0.951
WO olarized Before 167 15.8 352 0.522 189000 1.5 0.957
Polarized After 17.1 6.35 930 0.483 563000 32.2 0.971
OCP Before 20.5 94200 53.3 0.929 475000 81.0 0.967
OCP After 17.8 2.79 2650 0.504 81700 87.9 0.946
WO larized Before 162 6.89 96.7 0.623 975000 11.4 0.955
Polarized After 19.0 3.64 279 0.777 546000 35.7 0.97
OCP Before 20.0 3.76 276 0.683 318000 27.0 0.935
OCP After 50.8 4.93 166000 0.00313 64500 86.3 0.939
WO larized Before 202 4.99 49.3 0.834 645000 11.5 0.945
Polarized After 19.2 6.89 521 0.669 352000 32.5 0.964
OCP Before 15.6 3.65 3460 0.384 131000 60.8 0.928
Wowrgy COCPAfer 17.1 399000 134 0.943 39000 3630 0.591
Polarized Before ~ 18.0 30600 73.9 0.857 843000 23.6 0.993
Polarized After 16.7 297000 4.7 0.956 703000 14800 0.365

Cyclic voltammograms revealed significant differences in the electrochemical behavior

of the films as a function of their oxygen content, as shown in Figure 22 - Cyclic-voltammetry

curves of WOs electrodes at a scan rate of 25 mV s™'. (a) Responses under dark conditions;

(b) photo-assisted responses under AM 1.5G illumination (100 mW cm™).. Notably, the WO;«-

2 and WOs-4 samples exhibited an anodic peak around —0.1 V vs. Ag/AgCl, which was absent

in the other samples. This peak, observed exclusively under dark conditions, was attributed to

the oxidation of W3* to W** species, a process favored by the higher density of oxygen vacancies

in the films with lower oxygen content [49,85]. The presence of oxygen vacancies tends to

stabilize reduced tungsten states (W**), which, upon oxidation during the forward scan, give

rise to a characteristic anodic peak at negative potentials. This behavior is consistent with the
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literature, where the W* — W¢" oxidation process is reported to be predominant in sub-
stoichiometric WOs films, particularly in neutral electrolytes that do not promote significant
1onic intercalation [85,86].

In contrast, the WOs-6, WOs--8, and WO:-10 samples, which contain higher oxygen
concentrations, did not exhibit this anodic peak, indicating that the concentration of W** species
is substantially lower or negligible in these compositions. In these cases, the electrochemical
behavior was predominantly capacitive, with more stable and symmetric currents in both
branches of the voltammetric curve. Under dark conditions, the current densities ranged from
—0.035 to 0.0025 mA-cm2. Upon light irradiation, all samples exhibited a significant increase
in current, with values ranging from —0.07 to 1.3 mA-cm™. This behavior is characteristic of
the photoelectrochemical activation of WOs films, whose bandgap enables the generation of
electron—hole pairs under illumination. The photocurrent response was particularly pronounced
for the WOs--8 sample, indicating higher efficiency in photogenerated charge separation and
electronic transport [86,87]. Moreover, the absence of the anodic peak at —0.1 V under
illumination further supports the hypothesis that this feature is exclusively associated with re-

dox-active tungsten species stabilized under dark conditions.
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Figure 22 - Cyclic-voltammetry curves of WOs- electrodes at a scan rate of 25 mV s7'. (a)
Responses under dark conditions; (b) photo-assisted responses under AM 1.5G illumination
(100 mW cm™).

The quantitative analysis of the electrochemical properties was performed based on
specific capacitance (Cs), specific energy (Es), and specific power (Ps), as shown in Figure 23

and summarized in Table 6.
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The specific capacitance values varied among the samples according to the film
composition. The WO:-,-8 sample exhibited the highest specific capacitance (0.376 mF-cm™),
followed by WOs-10 and WOs-2. The lowest value was recorded for WOs--4 (0.188
mF-cm™), indicating that an increase in oxygen content does not necessarily lead to a
proportional increase in capacitance. The WOs—-8 sample stood out with the highest values
across all metrics, suggesting an optimal point in the concentration of oxygen vacancies. This

behavior supports the idea that there is an ideal balance between the density of oxygen vacancies

and structural integrity to maximize electrochemical performance [42,88].
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Figure 23 - Influence of initial oxygen flow during deposition on electrochemical
performance parameters under dark and illuminated conditions. (a, b) Specific power. (c, d)
Specific capacitance. (e, f) Specific energy calculated from cyclic voltammetry data under
dark and light conditions.

Table 6 - Photo-enhanced electrochemical performance metrics of WOs- electrodes extracted
from cyclic-voltammetry data.

Sample Specific Capacitance (mF/cm?)  Specific Power (W/cm?) Specific Energy (Wh/cm?)
WOs.x—2_dark 0.29 8.0E-06 0.42
WOsx—2_light 11.0 3.8E-04 32.4
WOs.x—4_dark 0.18 5.3E-06 0.22
WOsx—4_light 19.8 5.5E-04 60.4
WOs.x— 6_dark 0.28 7.9E-06 0.36
WOsx— 6_light 28.9 8.1E-04 86.7
WOs3x— 8 dark 0.37 9.7E-06 0.49
WOsx— 8 _light 39.3 1.0E-03 110

WOsx—10_dark 0.30 8.5E-06 0.40
WOsx— 10 light 36.0 1.0E-03 109

The specific energy exhibited a similar trend: WO:--8 again stood out with the highest
value (0.490 Wh-cm™2), while WOs-4 showed the poorest energy performance (0.225
Wh-cm™). This superior performance of the WOs-8 sample can be attributed to its optimized
oxygen vacancy structure, which is sufficient to promote surface redox processes without
compromising structural stability, unlike samples with either excess or deficiency of oxygen.
Similarly, the specific power, which depends on the discharge time and the charge transport
rate, also peaked for WOs-8 (1.05x10° W-cm™2), further corroborating the excellent overall
performance of this composition. These results suggest that there is an optimal concentration
of oxygen vacancies that simultaneously favors charge storage mechanisms and enhances

electrochemical response speed.
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Oxygen vacancies are critical structural defects that drastically influence the electronic
and electrochemical properties of transition metal oxides. In the case of WOs, these vacancies
introduce intermediate electronic states (donor defects) that facilitate electronic conduction and
the formation of W*" species [49]. However, an excessive presence of vacancies can
compromise material stability and lead to the degradation of capacitive performance, as
observed for the WOs—-4 sample. Conversely, in the more oxygen-rich samples, the absence of
active redox species reduces faradaic storage, resulting in predominantly non-faradaic (purely
capacitive) behavior.

Thus, a nonlinear relationship between oxygen content and electrochemical
performance is observed. The balance between a sufficient density of oxygen vacancies
enabling surface redox reactions—and an ordered structure that maintains electro-chemical
stability appears to be achieved in the WOs--8 sample, which exhibited the best results in terms
of capacitance, energy, and power, as well as the highest efficiency under illumination.

Mott—Schottky (MS) analysis is a classical technique widely employed to evaluate the
semiconductor—electrolyte interface properties in photoelectrochemical (PEC) systems. By
measuring the interfacial capacitance (C) as a function of the applied potential (V), it is possible
to extract two key parameters: the flat-band potential (V), which indicates the alignment of
energy bands with respect to the redox levels of the electrolyte; and the donor density (Np),
which provides insight into the concentration of free carriers within the semiconductor. In an
ideal n-type semiconductor, a linear region in the 1/C? vs. V plot is expected, where the slope
is inversely proportional to Np. In the context of PEC water splitting, these parameters are
critical for assessing band energetics and carrier transport behavior under operational

conditions.



66

0.30 — T T T

4,0x10" F=——WO, -2 = - = Fitting x’= 0.99998 4.0x10"
F ——WO, -4 - - - Fitting = 0.99923 ] ’
3.5x10" - WO, -6 Fitting x’= 0.99849 0.25 4 3.5x10"
WO, -8 Fitting x’= 0.99987 o
10
4~ 30x107 w0, -10 - - - Fitting x’= 0.99923 1 3010
£ r 020 5-0x
w? 25x100 b
23 L — d 2.5x10 T
= " 3 "B
,:; 2.0x10°° - >E 0.15 - 1 3
L 4 19 [=]
5 2.0x10" f
= Lsx10" .
h
I 0.10 - . | -
1.0x10"
- 1.0x10"
5.0x10° 005 |- L . |
n
" 1 s.0x10"
0.0 L
0'00 1 1 1 1 1
2 4 6 8 10
Potential (V vs Ag/AgCl) Initial oxygen flow (sccm)
(@) (b)

Figure 24 - (a) Mott—Schottky plots for WOs- electrodes; the dashed lines are linear fits used
to extract the donor density Np and flat-band potential V. (b) Evolution of Vi, (black squares,
left axis) and Np (red circles, right axis) as a function of the initial oxygen-flow ramp employed

during film deposition.

Table 7 - Flat-band potential Vg, and donor density Np obtained from Mott—Schottky analysis

of WOs films as a function of the initial oxygen-flow ramp during deposition

Sample Vi (V) Np (cm™)
WO3x—2 0.2637 3.85x10"
WO:3x—4 0.0472 9.53x10"8
WOsx— 6 0.0911 7.59x10'®
WOs—8 0.0116 6.61x10"
WO;3x— 10 0.0233 1.72x10"

The 1/C? vs. V curves obtained for WOs- films deposited under different initial Oz flow
ramps are shown in Figure 24. The corresponding values of Vg, and Np, extracted from the
linear region of the plots, are summarized in Table 7. A parabolic trend was observed in both
parameters, highlighting a strong dependence on oxygen stoichiometry.

The sample WOs--2, prepared with minimal oxygen flow, exhibited the most positive
flat-band potential (Vi = 0.2637 V) and the highest donor density (Np = 3.85 % 10" cm™).
These values indicate a degenerate doping regime, likely due to a high concentration of oxygen
vacancies acting as shallow donors. However, this excessive donor concentration can also lead
to significant recombination, as evidenced by the poor photocurrent and high charge transfer
resistance seen in previous electrochemical impedance spectroscopy (EIS) results.

As the oxygen flow increased to 4 and 6 sccm, both Vg, and Np decreased markedly. In

WOs--4, the flat-band potential dropped to 0.0473 V and Np to 9.53 x 10" cm ™. In WOs3-6,
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Vi reached 0.0912V and Np dropped further to 7.59 x 10" cm™. This decrease suggests
improved band alignment and a more favorable depletion layer for photoinduced charge
separation. Notably, these samples also presented lower R: values in EIS and enhanced
photocurrent response in cyclic voltammetry, demonstrating a coherent correlation across
techniques.

WOs-,-8 exhibited the most negative flat-band potential (Vg = 0.0116 V), alongside a
moderate donor density of 6.61 x 10'® cm 3. The strong negative shift in Vg implies an enhanced
band bending, favoring the migration of holes toward the electrolyte. This sample also showed
the highest interfacial capacitance (CPE:) and the lowest charge transfer resistance under light
(R1 ~ 2.7kQ), reinforcing the hypothesis that the PEC performance is maximized when the
carrier density is high enough to ensure conductivity, but not so high as to induce
recombination.

At the highest oxygen flow (WOs-10), Vg, increased slightly (0.0234 V), while Nprose
to 1.72 x 10" cm™. This partial recovery in carrier density might result from a reintroduction
of sub-stoichiometric defects. Nevertheless, the structural and optical characterizations
indicated lower crystallinity and reduced visible light absorption in this sample, which together
with its relatively high R, value in EIS, compromise its overall PEC efficiency.

Importantly, the MS results are consistent with trends observed in the optical bandgap
and surface wettability. The samples with intermediate oxygen flow (WOs—-6 and WOs--8)
presented lower bandgaps (~3.0 eV), higher polar surface free energy, and better contact angle
performance, indicating a synergistic effect among structural order, surface chemistry, and
electronic properties.

In summary, Mott—Schottky analysis confirms that the initial oxygen flow modulates
the electronic structure of WOs-— films, primarily by controlling the density of donor-like
oxygen vacancies and shifting the flat-band potential. Optimal PEC performance is achieved in
a narrow window (6—8 sccm), where charge carrier density, interfacial energetics, and structural
properties are all favorably balanced.

The combined photoelectrochemical analyses reveal that the performance of WOs- thin
films is strongly governed by the interplay between oxygen vacancy concentration and the
resulting modifications in interfacial energetics, charge transport, and redox activity.

Electrochemical impedance spectroscopy (EIS) demonstrated that samples synthesized
with intermediate oxygen flow (WOs—-6 and WOs--8) exhibit the lowest charge transfer
resistance (Ri), highest interfacial capacitance (CPE:), and significantly enhanced

photoconductive behavior under illumination. These results reflect a favorable balance between
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electrical conductivity and interfacial band alignment, enabling efficient separation and
transport of photoinduced carriers. Mott—Schottky analysis further supported these findings,
revealing optimized flat-band potentials and moderate donor densities in the same samples,
which correlated well with improved charge carrier dynamics and enhanced band bending at
the semiconductor/electrolyte interface. Notably, WOs--8 exhibited the most negative Vy, and
ideal donor concentration, reinforcing its superior charge separation efficiency and PEC
behavior. Complementarily, cyclic voltammetry measurements revealed a clear distinction
between faradaic and non-faradaic regimes across the series. The WOs-2 and WO:-4 films
showed distinct anodic peaks associated with W** — W¢* oxidation, indicating the prevalence
of redox-active species stabilized by oxygen vacancies under dark conditions. However, only
WO:--8 demonstrated a strong, stable photocurrent under illumination, along with the highest
values of specific capacitance, energy, and power, suggesting that an optimal concentration of
oxygen vacancies not only promotes efficient charge storage and redox activity but also
preserves structural integrity. Taken together, the integrated analysis confirms that a nonlinear,
defect-mediated regime governs the PEC properties of WOs— films, with the WO:--8
composition representing a critical point of functional optimization. This synergy between
structural, optical, and electrochemical properties underscores the importance of precise oxygen

modulation during deposition to maximize the material’s photoelectrochemical performance.

4.1.5 Partial Conclusions

The comprehensive characterization of the WOs thin films allowed for a deeper
understanding of how deposition conditions influence their structural, optical, surface,
electrochemical, and functional properties. XRD and Raman analyses confirmed the formation
of the y-monoclinic phase in all samples, with no clear evidence of vibrational features
associated with significant oxygen vacancy concentrations. SEM imaging revealed a
nanoplatelet morphology, with variations in compaction and roughness, which correlated with
the differences in film thickness determined by profilometry.

In terms of optical behavior, samples deposited under lower oxygen flow exhibited more
intense coloration, lower transmittance, and a slight bandgap reduction, features consistent with
the presence of mid-gap states and partial reduction of W¢*. The WOs-—8 sample showed the
highest transmittance and bandgap, along with an absence of defect-related Raman modes,
suggesting a less defective structure compared to the others.

Electrochemical analyses through EIS, Mott—Schottky plots, and cyclic voltammetry

provided a broad view of the photoelectrochemical performance of the materials. WOs——8
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exhibited the lowest charge transfer resistance and highest carrier density, which translated into
superior photocurrent generation. Cyclic voltammetry revealed distinct behaviors among the
samples, with prominent anodic peaks observed in WOs——2 and WOs——4 around —0.1 V (vs
Ag/AgCl), assigned to the oxidation of W*" to W¢', and detected exclusively under dark
conditions, highlighting the influence of tungsten redox states on the electrochemical response.

Although an oxygen gradient strategy was applied during film deposition, all samples
were subsequently subjected to thermal treatment in ambient atmosphere at 450 °C for two
hours. This annealing step likely promoted the reoxidation of the films, potentially attenuating
or even reversing the oxygen stoichiometry gradient initially induced during deposition. The
only exception was the WO:-—2 sample, which remained dark-colored after the heat treatment,
suggesting the retention of reduced tungsten states and possibly a higher concentration of
oxygen vacancies. From WOs-—4 onward, all samples exhibited clear appearance and high
transmittance, indicating that thermal treatment had a homogenizing effect on the final
stoichiometry. This factor must be considered when interpreting the optical and functional
properties of the films, particularly when correlating deposition conditions with post-treatment
behavior.

The thermal treatment in ambient atmosphere, however, led to the near-complete
oxidation of the films, effectively erasing the originally imposed gradient and homogenizing
the composition of the higher-index samples. Only WO;——2 and WOs-—4 partially preserved
the oxygen distribution, as corroborated by the presence of a characteristic anodic peak in the
cyclic voltammetry curves, indicating the persistence of regions still rich in oxygen vacancies.
This result highlights the necessity of employing inert atmospheres, such as argon or nitrogen,
in subsequent thermal treatments in order to maintain the stoichiometric profile and enable the
isolated investigation of the effects of oxygen vacancies on the photoelectrochemical response.

In summary, this study demonstrated that fine control of the O: flow during deposition
and the appropriate choice of annealing atmosphere are decisive tools for modulating the
structure—property—performance relationship in WOs— films. Maintaining a stable gradient
simultaneously enhances light harvesting, charge separation, and interfacial kinetics, thus
establishing clear guidelines for the optimization of photoelectrodes intended for green

hydrogen production.
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4.2 WO3; thin films by RGPP

4.2.1 Morphological and Compositional Characterization of WOs-, Thin Films by RGPP
This section presents the morphological and compositional characterization of WOz

thin films deposited via Reactive Gas Pulsing Process (RGPP), comparing samples deposited

at 60% and 90% of P. Analyses include Scanning Electron Microscopy (SEM), Energy

Dispersive X-ray Spectroscopy (EDX), and X-ray Photoelectron Spectroscopy (XPS)

performed before and after thermal treatment in ambient air and argon.

SEM Analysis

Top-view SEM images reveal that, prior to thermal treatment, the surface morphology
of the films is mostly featureless, especially for the 60% duty cycle sample. After annealing,
grain boundaries become visible in both air and argon conditions, suggesting thermally induced
crystallization. The 90% duty cycle samples show a more textured and granular morphology
even before annealing, indicating that a higher oxygen exposure during deposition promotes
surface ordering. These morphological differences are illustrated in Figure 25, which displays
the SEM images of WOs- films deposited at both 60% and 90% duty cycles before and after
annealing.

Cross-sectional images show that, for most samples, the internal structure remains dense
and amorphous before annealing. The exception is the 90% duty cycle film, which exhibits a
partially columnar microstructure prior to annealing and a more defined, continuous columnar
arrangement after thermal treatment. This confirms a stronger effect of annealing on the

microstructure for films deposited with high oxygen exposure.
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Figure 25 - SEM images of WOs., thin films deposited at 60% and 90% duty cycles, before and after annealing in air and argon. Top-view and
cross-section images are shown.
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EDX Analysis

EDX analysis confirmed that all samples are composed predominantly of tungsten (W)
and oxygen (O), with compositions varying slightly depending on the duty cycle and thermal
treatment condition (Table 8). For the 60% duty cycle films, oxygen content increased from
70.28 at. % (before annealing) to 73.70 at. % and 73.95 at. % after annealing in air and argon,
respectively. A similar trend was observed for the 90% duty cycle films, which showed an
increase from 74.29 at. % (before annealing) to 73.90 at. % (air) and 74.38 at. % (argon).

Correspondingly, the tungsten content decreased as the oxygen content increased. These
results suggest that thermal treatment slightly enhances oxygen incorporation, particularly
under argon atmosphere, possibly due to reordering or oxidation of oxygen-deficient regions.
Nevertheless, the overall W:O stoichiometry remains within the expected range for sub-
stoichiometric tungsten oxide films (WOs-), consistent with literature-reported values for
reactive sputtered WOs [85,87]. These results indicate that thermal treatment influences film

morphology but does not significantly alter the overall stoichiometry.

Table 8 - EDX results of WOs thin films before and after annealing, for 60% and 90% of P.

Sample Condition O (at. %) | W (at. %)

Before Annealing 70.28 29.72

WO;-,—60 After Annealing in air 73.70 26.30
After Annealing in Argon 73.95 26.05

Before Annealing 74.29 25.71

WO0:,-90 After Annealing in air 73.90 26.10
After Annealing in Argon 74.38 25.62

XPS Analysis

XPS was performed to probe the surface chemical environment and oxidation states.
Survey spectra (Figure 26) confirmed the presence of W, O, and C in all samples, with minor

N traces in as-deposited samples.
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Figure 26 - XPS Survey Spectra of WOy Films for the samples with 60% of P, the brown
curve represents the film annealed in argon (60 AAA), the cyan curve indicates the film
annealed in air (60 AA), and the black curve shows the as-deposited sample (60 BA). For the
samples with 90% of P, the blue curve depicts the argon-annealed film (90 AAA), the green
curve shows the air-annealed film (90 AA), and the red curve represents the as-deposited
sample (90 BA).

C 1s spectra (Figure 27) revealed typical surface carbon contamination, with
contributions from C-C, C-O, and C=0 bonds. Slight increases in C—O/C=0 contributions

were observed after annealing, suggesting increased surface adsorption.
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Figure 27 - Deconvoluted high-resolution C 1s spectra. For the samples with 60% of P, the
brown curve represents the film annealed in argon (60 AAA), the cyan curve indicates the

film annealed in air (60 AA), and the black curve shows the as-deposited sample (60 BA). For
the samples with 90% of P, the blue curve depicts the argon-annealed film (90 AAA), the
green curve shows the air-annealed film (90 AA), and the red curve represents the as-
deposited sample (90 BA).

O 1s spectra (Figure 28) exhibited three components: lattice oxygen (~530.8 eV),
hydroxyl or adsorbed species (~532 eV), and oxidized carbon (~533 eV). Annealed samples,
especially in argon, presented higher hydroxyl contributions, consistent with increased surface

reactivity.



75

015 90% BA
01s 90% AA
01s 90% AAA
0O1s 60% BA
O1s 60% AA
O1s 60% AAA

Name Pos.  %Area
O1s (WO3) 530.84 83.29

531.92 11.61
O1s (0=C) 533.12  5.09

Name Pos.  %Area
O1s (WO3) 530.89 73.55

532.25 16.35
O1s (0=C) 53317 10.09

Name Pos.  %Area
O1s (WO3) 531.08 83.29

53219 11.69
O1s (0=C) 533.23 5.03

me Pos.  %Area
s (W03) 530.86 81.66

531.90 12.63
O1s (0=C) 533.00 5.71

Nai
o1

Name Pos.  %Area
O1s(WO3)  530.85 82.14

531.95 12.61
01s (0=C) 533.07 525

08 Name Pos.  %hArea

O1s (WO3) 531.02 8162
g 08 531.88 1301
Qo4 01s (0=C) 532.97 5.37

11 s

544 540 536 532 528
Binding Energy (eV)

Figure 28 - Deconvoluted high-resolution O 1s spectra. For the samples with 60% of P, the
brown curve represents the film annealed in argon (60 AAA), the cyan curve indicates the
film annealed in air (60 AA), and the black curve shows the as-deposited sample (60 BA). For
the samples with 90% of P, the blue curve depicts the argon-annealed film (90 AAA), the
green curve shows the air-annealed film (90 AA), and the red curve represents the as-
deposited sample (90 BA).

W 4f spectra (Figure 29) confirmed W¢* as the dominant oxidation state in all samples,
with doublets at ~36.1 eV (W 47/2) and ~38.2 eV (W 4£5/2). In the 60% BA sample, additional

peaks corresponding to W3 or W—N species were detected, which disappeared after annealing.
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Figure 29 - Deconvoluted high-resolution W 4f spectra. For the samples with 60% of P, the
brown curve represents the film annealed in argon (60 AAA), the cyan curve indicates the
film annealed in air (60 AA), and the black curve shows the as-deposited sample (60 BA). For
the samples with 90% of P, the blue curve depicts the argon-annealed film (90 AAA), the
green curve shows the air-annealed film (90 AA), and the red curve represents the as-
deposited sample (90 BA).

N 1s spectra (Figure 30) showed minor signals (~397—402 eV) in as-deposited samples,
consistent with surface-adsorbed NO or NH4* species. These signals were not detected after

annealing.
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Figure 30 - Deconvoluted high-resolution N 1s spectra. For the samples with 60% of P, the
brown curve represents the film annealed in argon (60 AAA), the cyan curve indicates the
film annealed in air (60 AA), and the black curve shows the as-deposited sample (60 BA). For
the samples with 90% of P, the blue curve depicts the argon-annealed film (90 AAA), the
green curve shows the air-annealed film (90 AA), and the red curve represents the as-
deposited sample (90 BA).

Overall, the XPS results confirm the presence of stoichiometric WOs with surface
variations depending on annealing and deposition conditions. The data align with trends
reported in the literature regarding oxidation states and surface composition of sputtered WOs—

films.

4.2.2 Structural and Optical Characterization of WOs-, Thin Films

This section presents the structural and optical characterization of WOs— thin films
deposited via RGPP. X-ray diffraction (XRD) was used to investigate the crystallographic
phases and the impact of annealing and oxygen pulsing on film crystallinity. Optical properties
were assessed by UV—Vis transmittance spectroscopy, focusing on transparency, absorption
edges, and their correlation with structural ordering. Together, these analyses provide insights
into how processing parameters influence both the short-range and long-range order and the

optical properties of the films.
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XRD measurements

The X-ray diffraction patterns for the 60% P samples, deposited on silicon substrates
under different annealing atmospheres, are shown in Figure 31(a). Before thermal treatment,
the samples were amorphous, with only reflections from the Si (100) substrate observed. After
annealing at 450°C in air, the diffraction pattern revealed clear peaks at 23.1°, 23.6°, and 24.3°
20, followed by additional peaks at 33.1°, 34.1°, and 36.7° 26. These reflections correspond to
the (002), (020), (200), (022), (202), and (—222) planes of monoclinic y-WOs (ICDD PDF 01-
089-4476). No metallic tungsten or sub-oxides were observed, confirming the pure formation
of y-WO:.

In Figure 31(b), the diffractograms for the 90% of P sample on silicon substrate are
shown, exhibiting a completely different behavior compared to the 60% of P samples. Starting
with the untreated sample, a well-defined and intense peak at 22.15° is observed, corresponding
to the monoclinic WO; phase, indexed to the (002) plane. After thermal treatment in both
atmospheres, the samples show the same behavior, indicating the monoclinic phase. This is
consistent with the SEM results, where the 90% of P sample, prior to thermal treatment, already
exhibits a columnar morphology with well-defined grain boundaries, suggesting it is already
ordered without thermal treatment.

Additionally, these 60% P and 90% P samples, analyzed by X-ray diffraction, were also
studied using XPS. The XPS results confirmed the presence of tungsten exclusively in the W¢*
oxidation state, which is consistent with the formation of stoichiometric WOs in both cases, as

indicated by the diffraction data.



79

60 % of P - Silicon substrate 90 % of P - Silicon substrate
v Silicon substrate

¢  WO;- monoclinic

v Silicon substrate
WO;- monoclinic

After A. in air % After A. in air

M Before A.

® (200)
® (002)

Intensity (a.u.)
o (002)
e(112)
°(202)
22-2)
°(22-3)
(024)
(121)
Intensity (a.u.)
® (200)
o (112)
©(202)

20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
20 (Degree) 20 (Degree)
(@) (b)

Figure 31 - GIXRD patterns of WO films deposited on Si(100) substrates using Reactive
Gas Pulsing Process (RGPP) at (a) 60 % and (b) 90 % duty cycles. The diffractograms show
the evolution of crystalline phases before annealing and after annealing in air and argon.

Figure 32(a) presents the diffractograms for the 60% P samples on glass substrates.
Starting with the as-deposited films, they were amorphous. After annealing at 450°C, both in
air and argon atmospheres, the diffraction patterns revealed a consistent set of reflections,
predominantly corresponding to the monoclinic y-WOs phase. The main peaks were observed
at 20 values of 22.9°, 23.44°, 24.14°, 25.67°, 28.67°, 32.43°, 33.14°, 35.25°, 41.52°, 48.15°,
49.70°, 50.29°, 54.05°, 62.01°, and 76.35°, which are in good agreement with the standard
diffraction data for y-WOs (ICDD PDF 01-089-4476). The presence of multiple sharp and well-
defined reflections indicates a high degree of crystallinity of the oxide phase after annealing.

In addition to the tungsten oxide phase, new reflections at 20.6°, 26.43°, 28.02°, 29.49°,
33.90°, 35.49°, 46.97°, 51.39°, 53.31°, 54.71°, and 55.60° 26 were observed and attributed to
sodium tungstate (Na:WOas), as identified in the ICDD database (PDF 00-020-1163). This
sodium tungsten is a result of Na* diffusion from the glass substrate during the thermal
treatment, a phenomenon extensively documented for sputtered WOs films on soda-lime glass
substrates [74]. The simultaneous presence of y-WOs and Na:WOa4 in both atmospheric
conditions confirms the stability of this composite phase configuration in the 60% of P regime,
indicating that sodium diffusion is a common occurrence in this system

For the 90% of P sample deposited on soda-lime glass and annealed at 450°C, both in
air and argon atmospheres, the X-ray diffraction patterns revealed distinct phase compositions
in each case (Figure 32(b)). Before thermal treatment, the sample was amorphous, which

differs from the same 90% of P sample on silicon substrates, where a crystalline phase was
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already observed. After annealing in air, the diffraction pattern displayed strong reflections
characteristic of the hexagonal WOs phase, with the most prominent peaks at 21.13°, 23.23°,
24.03°, 27.86°, and 36.64° 20. These reflections align well with the hexagonal WOs phase, as
reported in the literature [74]. Notably, no sodium tungstate (Na2WQO4) was observed in this
sample, differing from the 60% of P samples, where sodium was clearly identified as a
secondary phase. Additionally, no substoichiometric WOs— phase was identified, although
some peaks remain unassigned, which could suggest the presence of additional phases that
require further investigation.

In contrast, for the sample annealed in argon, a more complex diffraction pattern was
observed. Additional peaks appeared at 33.21°, 33.96°, 36.59°, 39.02°, 47.75°, 49.40°, 51.69°,
53.17°, 55.35°,56.10°, 57.83°, 63.18°, 71.15°, 78.15°, and 84.25°, indicating the presence of a
mixture of phases. While the hexagonal WOs; remains the dominant phase, these additional
peaks suggest the presence of other phases such as monoclinic WOs (y-WO3). The formation of
these mixed phases may be related to the higher oxygen content during deposition, which is
known to promote the coexistence of hexagonal and monoclinic phases, as demonstrated in
previous studies [73]. The presence of these mixed phases indicates that the film grown in argon
underwent different crystallization mechanisms compared to the sample annealed in air, likely
due to variations in oxygen availability during annealing and the higher tungsten content in the

90% P films, which may favor the formation of multiple crystalline phases.
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Figure 32 - GIXRD patterns of WO:- films deposited on glass substrates using Reactive Gas
Pulsing Process (RGPP) at (c) 60 % and (d) 90 % duty cycles. The patterns show the samples
before annealing and after annealing in air and argon.
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Figure 33(a) presents the X-ray diffraction patterns for the 60% P samples deposited
on FTO-coated glass substrates and annealed at 450°C, both in air and argon atmospheres, as
well as before annealing. Similar to the observations for the soda-lime glass samples, the as-
deposited films on FTO were amorphous, with only the characteristic reflections from the FTO
substrate visible, particularly the (110), (101), and (211) peaks. After annealing in air, the
monoclinic y-WOs phase became predominant, with new peaks appearing at 23.1°,23.6°, 24.3°,
33.1°,34.1°, and 36.7° 20, corresponding to the (002), (020), (200), (022), and (202) planes of
v-WOs (ICDD PDF 01-089-4476).

In contrast to the soda-lime glass results, the diffractogram for the 60% of P sample on
FTO showed a higher degree of crystallinity, with sharper and more defined peaks, suggesting
better ordering. Notably, no peaks corresponding to sodium tungstate (Na2WO4) were detected,
indicating that sodium diffusion was effectively suppressed by the FTO layer. After annealing
in argon, the diffraction pattern remained virtually unchanged, confirming that the atmospheric
difference had no significant impact on the phase composition or crystallinity. These findings
underscore the stabilizing effect of the FTO substrate, which not only improves crystallinity but
also prevents sodium diffusion, resulting in a more consistent, phase-pure WOs film compared
to the glass-supported samples.

Figure 33(b) shows the diffraction patterns for the 90% of P samples deposited on FTO
substrates and annealed at 450°C in both air and argon atmospheres, as well as before annealing.
Similar to the 60% of P samples, the as-deposited films were amorphous, showing only
reflections from the FTO substrate. After annealing in air, the monoclinic WOs phase emerged
as the dominant phase, with prominent peaks at 23.1°, 23.6°, 24.3°, 33.1°, 34.1°, and 36.7° 26,
corresponding to the (002), (020), (200), (022), and (202) planes of monoclinic y-WOs (ICDD
PDF 01-089-4476).

The same diffraction pattern was observed for the sample annealed in argon, with no
additional phases detected, further indicating that the annealing atmosphere did not
significantly affect the crystallization or phase composition of the films. The reflections from
the FTO substrate (110), (101), and (211) remained the dominant peaks, reinforcing the stability
of the substrate during thermal treatment. The absence of sodium tungstate or other secondary
phases in both atmospheres suggests that sodium diffusion from the FTO layer was negligible

in these conditions.
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Figure 33 - GIXRD patterns of WO~ films deposited on FTO substrates using Reactive Gas
Pulsing Process (RGPP) at (e) 60 % and (f) 90 % duty cycles. The diffractograms show the
samples before annealing and after annealing in air and argon.

Transmittance measurements

The transmittance data, depicted in Figure 34, provides a detailed view of the optical
properties and transparency changes before and after heat treatment.

In the first plot (Figure 34(a)), the transmittance of the sample deposited with 60%
oxygen flow before any thermal treatment reveals relatively low transparency, typical of WOs—
films at this oxygen content. The spectrum exhibits a marked absorption edge, indicating the
presence of oxygen vacancies that reduce the overall optical transparency. The sample appears
darker, especially in the visible region, and the transmittance decreases significantly as the
wavelength decreases, reflecting a high absorption in the UV region.

Upon thermal annealing in air, the sample's transmittance shows a noticeable increase.
The absorption edge shifts slightly towards higher wavelengths, and the film becomes more
transparent in the visible region. This behavior suggests that the annealing process allows for a
more complete oxidation of the film, reducing the number of oxygen vacancies and improving
the optical quality of the film. The transmittance in the UV and visible range increases,
indicating a shift towards a more stoichiometric WOs structure.

In contrast, the sample treated in an argon atmosphere exhibits an even more pronounced
increase in transmittance, with a further shift towards higher transparency across the entire
spectrum. This result suggests that the argon treatment promotes a different structural
arrangement, likely favoring oxygen vacancy formation, which can enhance electronic

conductivity but also improve light transmission due to the reduced scattering from vacancies.
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To quantify these changes, the optical bandgap values were estimated using Tauc plots,
as shown in Figure 34(c). The sample with 60% oxygen flow exhibited a bandgap of
approximately 2.4 eV before thermal treatment, which increased significantly to 3.1 eV after
annealing in air and reached 2.9 eV after annealing in argon. These variations reflect changes
in the degree of oxidation and the density of oxygen vacancies, with air treatment promoting
more complete oxidation and argon treatment favoring a moderate reduction in defect states.

The second plot (Figure 34(b)) shows the transmittance of the WOs- sample prepared
with 90% oxygen flow. Before any treatment, the sample is already more transparent than the
60% oxygen flow sample, with a noticeable increase in transparency across the visible range.
This is consistent with the higher oxygen content, which likely leads to a more stoichiometric
WO:s phase, resulting in less absorption in the visible spectrum. The absorption edge also occurs
at a slightly lower wavelength compared to the 60% oxygen flow sample, further supporting
the reduced oxygen vacancy concentration.

Upon annealing in air, the sample with 90% oxygen flow shows minimal changes in
transparency, as the structure is already closer to the fully oxidized WOs. The main effect of
this treatment is a slight broadening of the absorption edge, which may indicate some subtle
shifts in the electronic structure, but the transmittance remains relatively high and consistent
with the stoichiometric WOs phase.

For the argon treatment, the transmittance increases slightly, similar to the trend
observed for the 60% oxygen flow sample. However, the increase in transparency is less
pronounced compared to the 60% oxygen flow sample, indicating that the film's structure is
already closer to a fully oxidized state. The argon treatment in this case likely stabilizes the
oxygen vacancies, which enhances conductivity without significantly affecting transparency.

This interpretation is corroborated by the Tauc plot results in Figure 34(d) for the 90%
oxygen flow sample. Before thermal treatment, the bandgap was 3.3 eV, increasing slightly to
3.4 eV after annealing in air, and decreasing to 3.2 eV after annealing in argon. The relatively
high bandgap values across all conditions indicate a more stoichiometric composition with

fewer oxygen-related defects compared to the 60% sample.
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Upon comparing the two sets of samples, it is clear that the initial transmittance for the

90% oxygen flow sample is higher than that of the 60% oxygen flow sample, both before and

after thermal treatments. This suggests that higher oxygen flow during deposition results in

better oxidation, leading to films with fewer oxygen vacancies and higher transparency in the

visible range. The treatment in argon further enhances transparency for both samples, with the
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60% oxygen flow sample showing the most significant increase, indicating that the structure
benefits more from oxygen vacancy creation.

The findings from these measurements are in good agreement with those reported in the
literature, such as the work by Olejnicek et al. (2022), which discusses the impact of annealing
on WOs films in different atmospheres. In particular, the higher oxygen flow rates in the
current study led to an increase in transparency, similar to the results observed by Olejnicek et
al., where oxygen-rich films exhibited better optical performance, particularly after annealing
in argon, due to enhanced photoactivity and the stabilization of the monoclinic WOs phase [73].

In conclusion, the comparison of the two sets of films underscores the role of oxygen
flow during deposition and post-deposition thermal treatments in tuning the optical properties
of WOs- thin films. The 90% oxygen flow sample, already close to the stoichiometric WOs
phase, showed less variation upon annealing, while the 60% oxygen flow sample exhibited
more significant changes, indicating that sub-stoichiometric films are more sensitive to post-

deposition treatments.

4.2.3 Partial Conclusions

The morphological, structural, compositional, and optical characterization of WOs— thin
films obtained by magnetron sputtering using the Reactive Gas Pulsing Process (RGPP)
provided a comprehensive understanding of the effects of deposition conditions (60% and 90%
of P) and subsequent thermal treatments (in air and argon).

From a morphological standpoint, SEM analyses showed that films deposited with 90%
of P exhibited a more textured and granular surface even before annealing, whereas films
deposited with 60% of P initially presented a smooth surface, with evidence of thermally
induced crystallization after treatment. The formation of a columnar structure in the 90% P
films, especially after annealing, indicates a higher degree of ordering induced by increased
oxygen exposure during deposition. The elemental composition obtained by EDX showed a
slight additional incorporation of oxygen after thermal treatments, with an increase in O content
and a corresponding decrease in W content in both regimes.

XPS analyses revealed the predominance of the W oxidation state in all samples,
corroborating the formation of stoichiometric WOs. Secondary signals of W** and nitrogen-
containing species were detected only in the as-deposited samples and were eliminated after
annealing.

GIXRD analysis revealed differences between the samples depending on both the
pulsing parameter and the type of substrate. The 60% P samples initially exhibited amorphous
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behavior, with crystallization of the monoclinic y-WOs phase occurring only after annealing.
On soda-lime glass substrates, in addition to the y-WOs phase, the presence of Na2WO4 was
observed, clear evidence of sodium diffusion from the substrate during thermal treatment. In
contrast, the 90% P sample deposited on glass, after annealing in air, showed the formation of
both monoclinic and hexagonal WOs phases, with no signs of sodium contamination. On FTO-
coated substrates, both the 60% and 90% P samples exhibited only the monoclinic WOs phase,
with no secondary phases and only the characteristic peaks of the substrate itself.

In the optical measurements, the transmittance data and Tauc plots indicated that the
optical bandgap varied significantly with the thermal treatment and oxygen content. For the
60% P films, the bandgap increased from 2.4 eV to 3.1 eV after annealing in air, while for the
90% P films, the values remained around 3.3 eV to 3.4 eV, reflecting a higher degree of initial
stoichiometry.

Taken together, the results demonstrate that the RGPP technique is effective for fine
control of WOs— film properties, allowing for the adjustment of morphology, crystallinity,
stoichiometry, and optical properties through the control of pulse parameters and annealing
atmosphere. Additionally, these results indicate that the type of substrate influences the
formation of secondary phases: the presence of the FTO layer acts as an efficient barrier against
sodium diffusion, whereas soda-lime glass promotes the formation of compounds such as
Na:WOus. Similarly, the annealing atmosphere directly affects the type of crystalline phase
formed, the number of surface defects, and optical conductivity, with the argon atmosphere
being more favorable to oxygen vacancy generation, while air promotes complete oxidation of

the structure.

4.3 g-C3N4
4.3.1 Structure, morphology and composition

To assess the morphology of the samples, field emission scanning electron microscopy
(FE-SEM) measurements were performed. The obtained images are shown in Figure 35. It can
be observed that the samples exhibit an irregular and aggregated morphology, which remains

unchanged with increasing thermal treatment temperature.
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Figure 35 - SEM micrographs of g-CsN4 powders synthesized at different polymerization
temperatures.

To characterize the chemical composition of the samples, energy-dispersive X-ray
spectroscopy (EDX) measurements were performed. The EDX results are presented in Table
9. It can be observed that all samples are composed exclusively of carbon and nitrogen,

indicating that no contamination occurred during the synthesis process.

Table 9 - Chemical composition of the samples obtained by EDX.

Sample C (%) N (%)
M40 36.2 63.8
M45 37.7 62.3
M50 40.7 593
M55 39.1 60.9

To analyze the functional groups and chemical structure of the samples, Fourier-

transform infrared spectroscopy (FT-IR) measurements were performed. Figure 36 compiles
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the FT-IR spectra of uncalcined melamine (M) and of samples thermally treated at 400 °C
(M40), 450 °C (M45), 500 °C (M50) and 550 °C (M55), enabling a molecular-level assessment
of the polycondensation that converts the triazine precursor into progressively extended
heptazine units. Within the 3 600-3 000 cm™ range, melamine displays three sharp bands
centred at 3 470, 3 420 and 3 330 cm™!, assigned to the asymmetric and symmetric stretching
modes of NH: groups linked through hydrogen bonding [89]. The systematic attenuation of
these modes, culminating in their near disappearance in M50 and M55, attests to deamination
and to the formation of N-bridging (C)s linkages characteristic of melem, melon and, ultimately,
g-CsNa. The broad residual feature at 3 400-3 200 cm™ in M55 is consistent with terminal —
NH stretching and/or O—H species adsorbed on the graphitic surface [90].

Marked spectral changes concentrate between 1 650 and 1 200 cm™, the domain of
skeletal C=N/C—N vibrations. Melamine presents narrow bands at 1 650, 1 578, 1 465 and 1
425 cm™, reflecting the high triazine symmetry conjugated to NH2 groups [89]. From 450 °C
onwards these vibrations coalesce into a broad envelope spanning 1 630—1 240 cm™; its
amplitude and definition increase up to 550 °C, mirroring the extension of T-conjugation within
the heptazine network that typifies g-CsNa4 [90]. The 1 000—600 cm™* region provides the most
specific signature of polycondensation. The ring-breathing band at ~808 cm™ is already present
in melamine with moderate intensity, arising from out-of-plane deformation of the s-triazine
ring [60,61]. During heat treatment this mode intensifies markedly at 450 °C and remains well
defined at 500 and 550 °C.

Overall, the spectral evolution demonstrates that substantial conversion of melamine to
nitrogen-rich graphitic structures occurs between 500 °C and 550 °C: NH: vibrations are almost
completely suppressed, the characteristic C=N/C—N envelope between 1 630 and 1 240 cm™
becomes consolidated, and the 808 cm™ band remains intense yet now anchored to an extended
heptazine framework. Although FT-IR provides robust qualitative evidence of this
polycondensation process, a finer distinction between intermediates (melem, melon) and fully
graphitic g-CsNas requires crystallographic confirmation, which will be presented in the

subsequent XRD section.
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Figure 36 - FTIR spectroscopy measurements of the Melamine, M40, M45, M50, and
MS55 samples.

To analyze the crystalline phases of the samples, X-ray diffraction (XRD)
measurements were performed, as shown in Figure 37. A gradual transition from the melamine
structure to g-CsNa can be clearly observed in the XRD patterns. g-CsNa4 (ICSD 2217016) is
identified by its characteristic peaks at approximately 13.1° and 27.3°, corresponding to the
(100) and (002) planes, respectively [91]. These peaks indicate the formation of the desired
polymeric structure. Based on the results, it can be concluded that the g-CsNa structure is more
distinctly and predominantly formed in the sample thermally treated at 550 °C, suggesting that

this is the optimal temperature for the synthesis of the target material.



90

L (002) — g-CN,

1 (100) Mss

Af:ivk ME M50

Intensity (a.u.)

M40

20 (Degree)

Figure 37 - XRD patterns of melamine-derived samples calcined at 400 °C (M40), 450 °C (M45),
500 °C (M50), and 550 °C (M55). The reflections at ~13.1° and ~27.4° correspond to the (100) and
(002) planes of g-CsNa4 (ICSD 2217016), associated with in-plane structural order and interlayer
stacking, respectively

In continuation of the structural analyses previously discussed by FTIR and XRD,
Raman spectroscopy was employed to provide a more refined understanding of the vibrational
and electronic transformations occurring between the melamine precursor sample (MP) and the
thermally treated material at 550 °C (M55). The Raman spectrum of MP (Figure 38(a)) exhibits
well-defined bands at 123.7, 151.4,383.2,449.6, 583.3, 677.3,778.6,983.4, 1443.0,and 1555.0
cm ', along with additional low-frequency modes revealed using a 1800 gr/mm grating (Figure
38(b)). These features are characteristic of bending and torsional vibrations of the triazine units
typical of melamine. This set of bands, along with the low fluorescence background, confirms
that the structure remains weakly condensed, in agreement with the breathing band at 810 cm™

observed in the FTIR spectrum.
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Figure 38 - (a) Raman spectra of melamine sample and (b) zoom-in of the 50-200 cm™' region
using 300 gr/mm (black line) and 1800 gr/mm (red line) diffraction grades.

After thermal treatment, the Raman spectrum of M55 (Figure 39) displays intense
background fluorescence and a set of broad bands centered at 361.4, 482.4, 709.0, 762.2, 982.0,
1129.1, 1155.8, 1236.8, and 1314.1 cm™'. The emergence of these modes, accompanied by the
attenuation of those characteristic of melamine, indicates the formation of a graphitic g-CsNa
network. The band positions at 709/762 cm™ (out-of-plane deformations) and 361/482 cm™!
(interlayer torsions) reproduce, within experimental resolution, the values reported by Jiang et
al. for bulk g-CsNas materials. Additionally, the slight blue-shift of the C(sp?) bending mode—
from 1234 cm™ in the bulk to 1237 cm™ in the present sample—suggests a certain degree of

confinement, although insufficient to characterize mono- or bilayer nanosheets [92].
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Figure 39 - Raman spectra of melamine treated at 550 °C (M55)

The correlation between FTIR, XRD, and Raman thus outlines a coherent scenario: (i)
the FTIR bands remain practically unchanged, confirming that polycondensation preserves the
s-triazine framework; (ii) the XRD data reveal the formation of the (100) and (002) planes of
g-CsNa, particularly pronounced in M55; and (iii) the Raman results capture the chemical
conversion, showing that M55 exhibits a more ordered graphitic network, whereas Melamine
retains the vibrational signature of melamine. These findings are consistent with recent
literature and reinforce that calcination at 550 °C is a critical condition to achieve the desired

polymeric structure.

4.3.2 Partial Conclusions

The morphological, structural, compositional, and spectroscopic characterization of the
materials obtained from the thermal polymerization of melamine evidenced the progressive
formation of nitrogen-rich structures, culminating in the synthesis of graphitic carbon nitride
(g-CsNa) at 550 °C. From a morphological standpoint, FE-SEM images revealed an aggregated
and irregular structure across the samples, with little variation as a function of treatment
temperature. Elemental analysis by EDX confirmed the exclusive presence of carbon and
nitrogen in all samples.

Fourier-transform infrared spectroscopy (FTIR) allowed monitoring of the

polycondensation process, with a systematic reduction of the vibrations associated with NH:
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groups and strengthening of the characteristic bands of the C=N/C—N skeleton and the heptazine
ring. The XRD patterns corroborated the formation of the desired polymeric phase, with the
progressive appearance of peaks at~13.1° and ~27.4° 20, assigned to the (100) and (002) planes
of g-CsNa. The more pronounced intensity of these peaks in sample M55 indicates that thermal
treatment at 550 °C favors the formation of the g-CsNa structure.

Finally, Raman spectroscopy complemented the structural analyses by clearly
distinguishing the conversion of the melamine precursor into g-CsNa4. The sample calcined at
550 °C exhibited broad and intense bands consistent with vibrational modes of a graphitic
network, whereas the untreated sample showed the sharp, well-defined modes typical of
triazine.

Taken together, the results demonstrate that 550 °C is the optimal temperature to
promote the efficient conversion of melamine into g-CsNa, yielding a material with high purity,
structural organization, and vibrational characteristics consistent with those described in the

literature for graphitic carbon nitride.

S GENERAL CONCLUSIONS

This dissertation established a detailed processing—structure—property map for WOs—
thin films and g-CsN« powders, the two constituents envisioned for a future Z-scheme
photoelectrode dedicated to solar-to-hydrogen conversion. Although fabrication of the
WOs-/g-CsNa4 heterostructure could not be completed within the experimental timeframe, the
systematic exploration of each material delivers a robust knowledge base that will guide
subsequent coupling and optimization steps.

For WO: films, continuous modulation of the O: flow during reactive sputtering
revealed a non-linear regime dominated by oxygen-vacancy chemistry. Intermediate flows of
6—8 sccm maximized y-monoclinic crystallinity, enhanced surface polarity, and minimized
charge-transfer resistance, producing the highest specific capacitance, energy density, and
photocurrent under AM 1.5 G illumination. Subsequent annealing in ambient air partially
leveled the stoichiometric gradient, underscoring the need for inert atmospheres when vacancy
profiles must be preserved.

The Reactive Gas Pulsing Process (RGPP) introduced an additional control lever. A 90
% duty cycle generated transparent, columnar films, whereas a 60 % duty cycle produced
denser, more reduced layers. Substrate selection proved decisive: glass fostered Na:WOs

formation after annealing, while FTO served as an alkali barrier and preserved phase-pure WO:s.
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By jointly tuning duty cycle, annealing atmosphere, and substrate, it becomes possible to
engineer vacancy gradients and multiphase architectures that tailor band alignment in future
junctions.

Thermal polycondensation of melamine up to 550 °C yielded g-CsNa powders with well-
defined (100) and (002) XRD reflections and characteristic Raman modes. Although the
resulting powders remain predominantly multilayer, their structural order offers a strong
foundation for subsequent exfoliation or functionalization aimed at improving conductivity or
interfacial contact.

Across both materials, photoelectrochemical performance proved highly sensitive to the
balance between crystalline order and defect density. This balance informs clear coupling
guidelines: employ moderately reduced WOs- (either grown at 6-8 sccm O: or at 90 % and
60% of P, annealed in Ar) to maintain efficient hole transport without excessive recombination;
deposit g-CsNa4 at 550 °C on WOs—; and select diffusion-barrier substrates such as FTO to
prevent alkali contamination. These recommendations pave the way for fabricating durable,
high-efficiency composite photoelectrodes and provide a sound basis for future investigations
into interface energetics, in-situ band alignment, and long-term device stability.

In summary, the work achieves two milestones: it delineates optimized synthesis
windows and performance correlations for isolated WOs— and g-CsNa, and it specifies the
critical requirements for integrating these materials into composite photoelectrodes. These
advances lay firm groundwork for forthcoming efforts to unite WOs— and g-CsN4 in Z-scheme

architectures capable of efficient, stable, and economically viable solar hydrogen production.

6 PERSPECTIVES

Based on the results obtained and the analyses carried out in this work, the following

future studies are proposed:

. To deposit g-CsNa films using techniques such as spin coating and perform their
photoelectrochemical characterization, aiming to evaluate the individual response of the
material prior to heterostructure formation.

o To fabricate Z-scheme heterostructures by depositing g-CsNa onto WO:— films prepared
with oxygen gradients of 6 and 8 sccm, in order to investigate the synergistic effects of charge

transport and band alignment using electrochemical and spectroscopic techniques.
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o To characterize the samples produced via the Reactive Gas Pulsing Process (RGPP),
with duty cycles of 60% and 90% of the period, after thermal treatment in an inert (argon)
atmosphere, aiming to evaluate the impact of this treatment on the structural and
photoelectrochemical properties of the films.

. To fabricate heterostructures also using WOs- films obtained via RGPP with 60% and
90% duty cycles, in order to explore the impact of periodic oxygen modulation on interfacial
performance and charge separation within the heterojunction.

J To assess the influence of deposition order by investigating the possibility of using g-
CsNa as the bottom layer and WOs as the top layer, with the goal of exploring new interfacial

interactions and potential structural reorganization.
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Il RESUMO:

The direct conversion of solar energy into hydrogen through photoelectrochemical (PEC) cells has emerged as one of|
the most promising strategies for decarbonizing the energy sector, as it integrates into a single device photon
harvesting, charge separation, and the hydrogen/oxygen evolution reactions. However, the overall efficiency of these
systems remains limited by factors such as low spectral absorption, rapid electron—hole recombination, and structurall
instability of the photoelectrodes. In this context, the present work systematically mapped the relationships between
processing conditions, structural features, and the resulting properties of two earth-abundant semiconductors: sub-
stoichiometric tungsten oxide (WOs-) and graphitic carbon nitride (g-CsNa), aiming at the future development of Z-
scheme photoelectrodes for solar hydrogen production. WOs— films were deposited by reactive sputtering with O
flow gradients (2-10 sccm) and through the Reactive Gas Pulsing Process (RGPP) with duty cycles of 60% and 90%
of the period. Characterization by X-ray Diffraction (XRD), Raman spectroscopy, Scanning Electron Microscopy|
(SEM), Electrochemical Impedance Spectroscopy (EIS), cyclic voltammetry, and Mott—Schottky analyses|
demonstrated that, although all samples exhibited the y-monoclinic phase of WOs-,, those obtained with intermediate
0: flows (6-8 sccm) showed superior photoelectrochemical performance, including lower charge transfer resistance,
higher capacitance, energy density, and photocurrent under AM 1.5 G illumination. In the RGPP process, a 90% duty!
cycle led to the formation of transparent columnar films, while a 60% duty cycle produced denser and more reductive
layers. These samples were thermally treated in both ambient air and flowing argon, revealing that the annealing
atmosphere significantly influenced their optical transmittance and band gap variations. Upon annealing, sodium-
containing glass substrates promoted the formation of Na>WOa, whereas Fluorine-doped Tin Oxide (FTO) substrates|
acted as ionic diffusion barriers, preserving the pure WOs phase. g-CsNa powders were obtained by thermall
polycondensation of melamine between 400°C and 550 °C. Only calcination at 550 °C yielded (100)/(002)
reflections in XRD and the characteristic Raman modes, indicating an ordered graphitic structure suitable for future
film deposition. The results confirm that the photoelectrochemical performance of each material critically depends on|
the balance between crystalline order and defect density. Based on this, strategic guidelines were established for|
material coupling: employing moderately reduced WOs~ (6—8 sccm Oz or 60% and 90% of P thermally treated under|
argon), depositing g-CsNa at 550 °C onto WOs—. Although the heterostructure has not yet been completed, this study
defines optimal synthesis windows and interfacial requirements that support subsequent stages toward the
development of more efficient, stable, and economically viable composite photoelectrodes for the direct conversion
of solar energy into green hydrogen.
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