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This study reports the bio-mediated synthesis of tungsten trioxide nanostructures from aqueous extracts of Melia
azedarach (L.) dry leaves. The synthesis was carried out by electrochemical anodization of tungsten foils in the
presence of different volume percentages of leaves extracts. These nanostructures were afterwards completely
characterized by Field-Emission Scanning Electron Microscopy (FESEM), X-Ray Diffraction (XRD), High-
Resolution Transmission Electron Microscopy (HR-TEM), impedance measurements, linear sweep voltammetry
in the presence of simulated solar light and UV-Vis spectroscopy. Finally, these nanoelectrodes were used as
(photo)electrocatalysts in the photoelectrochemical water splitting process to obtain green hydrogen and as
anodes in Li-ion rechargeable batteries. Nanostructures fabricated with 5% M. azedarach leaves extract provided
the best (photo)electrocatalytic behavior for both applications, since in that biogenic electrolyte, thin nanorods
arranged in very porous and spongy layers were formed. Therefore, the significant increase in specific surface
area found for nanostructures fabricated following this green route, in comparison with the blank sample (i.e.,
nanostructure formed following a non-green route), was essential to enhance their performance as promising
efficient (photo)electrocatalysts.

1. Introduction

photoelectrochemical (PEC) water splitting, also known as photo-
electrolysis, employing nanostructured electrodes [6,8-11]. This inno-

Approximately 82% of the world’s energy consumption stems from
non-renewable fossil fuel sources [1]. This heightened demand for en-
ergy, which has been on a steady rise since the dawn of the industrial
revolution, has resulted in increased emissions of greenhouse gases,
primarily carbon dioxide (COy), into the Earth’s atmosphere. It is widely
acknowledged that the escalating concentration of greenhouse gases is
the principal driver of global warming and, consequently, climate
change [2-4]. In this context, hydrogen emerges as a viable, clean, and
sustainable energy solution. Nevertheless, the transition from
well-established fossil fuel technologies to efficient, cost-effective, and,
notably, environmentally friendly hydrogen production methods poses a
considerable challenge [2-7]. As a response, there is a growing push for
renewable (green) hydrogen production techniques, with one of the
most  promising  approaches being the  utilization of
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vative process harnesses solar energy directly, using semiconductors to
split water molecules into hydrogen and oxygen at separate electrodes.
While PEC water splitting remains a technology in the developmental
stages, requiring further research and refinement, its distinct advantages
over alternative hydrogen production methods and minimal environ-
mental footprint make it a very promising technology for the future [6,
8-11].

Nanotechnology also holds significant promise in another domain:
the advancement of alternative energy storage systems [12-19]. With
the widespread use of portable electronic devices and the growing
adoption of electric vehicles, the imperative for the creation of clean and
highly efficient electric energy storage solutions has become increas-
ingly evident. In this context, electrochemical batteries have assumed a
pivotal role. Among the various types of rechargeable or secondary
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batteries, those employing lithium-ion (Li*) insertion/extraction pro-
cesses have emerged as the most advanced energy storage mechanisms
thus far [12-24]. However, these batteries deal with several challenges
concerning the kinetics of the process, long-term stability, and safety
aspects. Consequently, it is essential to persist in the pursuit of in-
novations within this domain, particularly in the development of novel
electrode materials that can substantially enhance battery performance.
Presently, nanotechnology stands as a prominent opportunity in the
quest for novel battery electrode materials, particularly those based on
metal oxides [13,15,17,20,21]. Hence, oxides such as TiO,, NiO, CuO,
Feg03, SnOy, WO3, Co304, etc. are being investigated due to their po-
tentialities as substitutes for graphite as negative electrode materials
(anodes on discharge), such as high specific capacity values, stability,
avoidance of metallic lithium formation and high conductivities and
lithium ion diffusivities due to nanostructured morphologies [13,15,17,
20,21]. These metal oxides can interact with lithium ions following two
general mechanisms: (1) insertion or intercalation reaction, in which Li™
reversibly intercalates within the oxide lattice without structural
transformations, and (2) conversion reaction between Li* and the oxide
to form LisO [15,20]. Depending on the nature of the main reaction
between lithium ions and the metal oxide, and on the properties,
morphology and size of the electrode materials, different behaviors and
battery performances could be achieved.

There is, therefore, a necessity for developing new electrode nano-
structured materials based on transition metal oxides for rechargeable
LIBs with improved insertion/extraction properties and with long
lifespans.

Nanostructures of tungsten trioxide, WOs3, are being increasingly
used as (photo)electrodes due to its suitable band-gap value (~2.6 eV),
excellent chemical stability in many electrolytes (especially acidic ones)
and good electrical and electrochemical properties [25-29]. Numerous
synthesis methodologies have been reported, such as sol-gel processes,
hydrothermal and solvothermal methods or deposition processes. In
most cases, these procedures involve the use of hazardous and/or
expensive chemicals and solvents, long reaction times and high energy
requirements, with the subsequent negative environmental and eco-
nomic impact. Very recent strategies have been based on the use of
biogenic entities in the reaction media, such as plant extracts or mi-
croorganisms, which are considered as ideal green reagents because they
are perfectly safe, cheap and environmentally-friendly [30-34]. In
particular, plant extracts are favored over alternative biogenic reagents
due to their ready availability and ease of safe handling [35-37].
Moreover, the presence of a rich variety of organic molecules in these
extracts (polyphenols, flavonoids, tannins, etc.), which are capable of
act as metal-complexing (or capping) agents [32,36,38-40], opens a
wide opportunity to control the nanostructures reaction mechanisms
and, therefore, to adjust their morphology, size and properties,
following at the same time the principles of green chemistry.

Most of the published studies on nanomaterials biosynthesis deal
with the fabrication of metal (Ag, Cu, etc.) nanoparticles [30,40-44],
although some of these methods have also been used to obtain metal
oxides nanoparticles, especially ZnO and TiOy [35,37,38,45-53].
Nevertheless, no studies have been found in which biosynthetic routes
using electrochemical methods, such as anodization, are employed.
Anodization is one of the most fast and simple methods to fabricate
metal oxides nanostructures. This technique offers great controllability,
since the size and morphology of these nanostructures can be regulated
by controlling parameters such as the applied potential, time, electrolyte
composition, hydrodynamic conditions, etc. [29,54-56].

Therefore, the primary motivation behind this study stems from the
noticeable absence of literature on synthesizing metal oxide nano-
structures, particularly WOs, via anodization in environmentally
friendly electrolytes in the presence of biological complexing agents
derived from plant extracts. This approach has the potential to finely
tune the morphology and dimensions of the resulting nanostructures. In
the present work, leaves extracts of Melia azedarach L. (Meliaceae) have
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been used as main electrolyte reagents to obtain high performance WO3
nanostructures by electrochemical anodization. This particular tree has
been chosen for its extensive diversity, notably found throughout Spain
as an attractive urban tree, and its exceptional composition, since its
leaves are rich in various adequate phytochemicals for nanomaterials
synthesis, including polyphenols, flavonoids, and tannins [38,39,
57-60]. In fact, these biomolecules and metabolites have been studied
for having antibiotic, antioxidant, anti-inflammatory and anticancer
activity, among others [35,39,41,57,59]. Hence, a complete investiga-
tion comparing the influence of the extract percentage on the morpho-
logical, electrochemical and photoelectrochemical properties of the
obtained WO3 nanostructures is presented in this work. Moreover, the
formation mechanism of these nanostructures has been studied in depth
in the absence and in the presence of these biomolecules.

The green synthesis method reported here, which uses, on the one
hand, biological molecules in the electrolyte composition and, on the
other hand, the complex chemistry of tungsten with the aim of pro-
ducing innovative and high aspect ratio nanostructures, represents a
simple, non-expensive and environmentally friendly approach to control
and adjust the morphology and size of these nanostructures and,
therefore, their fundamental properties. Besides, the (photo)electro-
chemical applications of these bio-synthesized WO3 nanostructures will
contribute to provide solutions to the challenges associated with the
energetic transition, such as the production of green hydrogen and the
fabrication of efficient and reliable energy storage systems.

2. Materials and methods
2.1. Synthesis of WO3 nanostructures

The leaves of M. azedarach were randomly sampled from several
mature trees from the surroundings of the Burjassot Campus of the
University of Valencia (Spain). Fresh leaves were rinsed with tap and
distilled water and subsequently air-dried indoors for 1 week, at room
temperature. The extracts were obtained from dried leaves, by mixing
15 g of material with 150 mL of distilled water at 60 °C. The infusion was
maintained at that temperature for 20 min. After that, the solution, once
cooled, was filtered through filter paper and used to prepare the
different reaction media.

Nanostructures of WO3 were synthesized by subjecting tungsten foils
(1,3 cm? of exposed area) to an anodization process with a cell potential
of 20 V, for 4 h. A platinum foil served as the cathode within the cell. The
anodization process employed an aqueous electrolyte composed of
1.5 M methanesulfonic acid (MSA) with varying proportions of M.
azedarach leaves extract (from 0% to 10%, in volume), at a temperature
of 50°C. MSA was selected for two reasons: (1) because in a previous
study [61], it was observed that WO3 nanorods formed in the presence of
MSA provided enhanced photoelectrocatalytic performance than those
anodized with other strong acid such as sulfuric acid, and (2) because
MSA has been found to be less toxic than other strong acids, it has no
permissive exposure limit (OSHA PEL) due to the absence of risky vol-
atile chemicals under normal conditions and it is easily biodegradable to
yield SO%, CO,, water and biomass, since MSA is part of the natural
geochemical cycle of sulfur [62,63]. Anodization was performed under
controlled hydrodynamic conditions, by means of a Rotating Disk
Electrode (RDE) set a constant rotation speed of 750 rpm. Following
anodization, a thermal treatment (annealing) was carried out in a
tubular oven at 600°C for 4 h in an air atmosphere to obtain crystalline
WOj3 nanostructures.

2.2. Morphological and structural characterization: FESEM, XRD and
HRTEM

A Field Emission Scanning Electronic Microscope (Hitachi S4800), at
an acceleration potential of 5 kV, was used to study the morphology and
size of the WO3 nanostructures.
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X-Ray diffraction analyses (XRD) were performed to investigate the
crystallinity of the WOz samples. A DSAVANCE diffractometer (Bruker)
equipped with a monochromatic Cu Kal source was used.

Structural and morphological characterization of the samples was
also undertaken by Transmission Electron Microscopy (TEM) and high
resolution TEM (HRTEM). FEI Field Emission Gun (FEG) TECNAI G2 F20
S-TWIN microscopy working at 200 kV was used for the present study.
Before the introduction of the samples in the microscopy, they were
sonicated for 5 min in pure ethanol. A drop of the resulting suspension
was deposited onto a holey carbon film supported on a copper grid and,
finally, dried.

2.3. (Photo)electrochemical characterization: impedance measurements
and photocurrent density vs potential curves

Electrochemical characterization of the WO3 nanostructures was
conducted through impedance measurements, performing Electro-
chemical Impedance Spectroscopy (EIS) and Mott-Schottky (MS) ana-
lyses. All electrochemical tests were carried out using a three-electrode
cell with the nanostructures acting as working electrodes, a silver/silver
chloride (3 M KCl) electrode was the reference electrode and a platinum
tip served as counterelectrode. Measurements were performed with a
PalmSens4 potentiostat and 0.1 M H,SO4 was used as electrolyte. The
sample area exposed to that electrolyte was 0.5 cm?. For EIS, a constant
potential of 1 V was selected with an amplitude of 10 mV, scanning the
frequency from 100 kHz to 10 mHz. For MS analysis, a constant fre-
quency of 5 kHz was used, while the potential was scanned from 1 V to
0.2 V at a rate of 50 mV/s.

For the photoelectrochemical characterization of the WO3 nano-
structures, the same experimental set-up was used, with the addition of a
solar simulator with AM 1.5 conditions (100 mW/cm?). Linear vol-
tammetries to obtain photocurrent density — potential curves were
conducted from 0.2 V to 1.05 V, by applying dark-light pulses (16 s in
the dark followed by 4 s with illumination) while the potential was
scanned.

Finally, UV-vis diffuse reflectance experiments were carried out
within the 220-850 nm range using a Shimadzu spectrometer model UV-
1800. The spectra shown has been obtained from WO3 samples prepared
by anodization of metallic W in the absence or in the presence of
different extract concentrations. The band gap energy values were ob-
tained by extrapolating the linear fitted region at [F(R(co))hv]? = 0 in
the plot of [F(R(c0)) hv] versus hv.

2.4. Evaluation of WO3 nanostructures as Li-ion battery anodes

WOj3 nanostructures were evaluated as anodes (negative electrodes)
for Li-ion batteries. For that purpose, Swagelok-type cells were used,
with WO3 nanostructures acting as working electrodes and a metallic
lithium foil acting as both the counter and the reference electrodes.
Batteries were assembled inside an Ar-filled glove box, using 1 M LiPFg
in ethylene carbonate/dimethyl carbonate/diethyl carbonate 1:1:1 (v/
v/v) as electrolyte (Sigma-Aldrich) and a Whatman glass microfiber
separator. After sealing the cells, they were cycled outside the glove box
at room temperature, using a Biologic BCS-815 cyclic station. Galva-
nostatic charge/discharge curves were recorded at different cycling
rates (from C/10-1 C, and returning to C/10) within a potential window
between 1 V and 3.5 V vs Li/Li*.

3. Results and discussion

3.1. Formation mechanism: current density transients during anodization
Fig. 1 shows the current density variation with time during anod-

ization of the different nanostructures fabricated in the absence (blank)

and in the presence of various amounts (in % V/V) of M. azedarach
leaves extract. In all the curves, three different regions are discerned.

Journal of Alloys and Compounds 995 (2024) 174845

—=—Blank
——1%
2%
—3%
4%
5%
6%
7%

—~—10%

0 2000 4000 6000 8000 10000 12000 14000 16000
t/s

Fig. 1. Current density transient recorded during tungsten anodization for the
different samples, fabricated without extract (blank) and with different extract
(V/V) percentages.

The first region, which is the shortest one, consists of a sharp
decrease in current density due to oxidation of the tungsten surface upon
imposing a potential difference of 20 V. Hence, the compact WOg3 layer
formed in this region obstructed charge transfer processes, resulting in a
fast decrease of current density.

After that, the second region appears with a progressive increase in
current density and a subsequent stabilization, due to the dissolution of
the previously formed WOg3 compact layer. In the absence of M. aze-
darach extract (blank sample), this dissolution process was mediated by
the high concentration of H cations. As a result, tungsten soluble spe-
cies (typically in the form of WO%+ species, or [W(OH)4(H20)4]2+) were
formed [55,64,65]. In the presence of M. azedarach extract, current
density values in this second region increased with respect to the curve
for the blank sample, and this current density rise began, in general, at
shorter times as the extract concentration increased. These facts indicate
that dissolution of the WO3 compact layer took place faster when M.
azedarach extract was present in the anodization electrolyte. It has been
reported that M. azedarach extracts present numerous polyphenolic
compounds in high concentrations (phenolic acids, flavonols, etc.), such
as quercetin, kaempferol and derivatives of catechol, caffeic acid and
ferulic acid, among others [39,57-60,66]. These phytochemicals have
been reported to behave as ligation (complexing) agents of many metals,
due to the different aromatic hydroxyl groups present in their molecules
[31,39,67,68]. For example, a typical polyphenolic compound (flavo-
noid) such as quercetin (Fig. 2a) has three possible metal-complexation
sites [67,68], where tungsten atoms can be strongly bound. Indeed,
phenoxide groups promote the chelation of cations with high charge
density [67], such as wo+, Therefore, the presence of M. azedarach
leaves extract promoted the dissolution of WOs3 through
polyphenolic-induced polymerization of tungsten complex and soluble
species, thus increasing current density in this second stage. In Fig. 2b, a
scheme of a possible interaction between quercetin molecules and
tungsten is presented, by way of illustration.

As these soluble species were formed, their concentration at the
electrode/electrolyte interface grew and, when supersaturation condi-
tions were reached, they precipitated in the form of hydrated tungsten
oxides (tungstic acids, WO3-H>0 and WO3-2 H50), enabled by the highly
acidic electrolyte pH [29,55,64]. This precipitation took place following
a polycondensation mechanism, in such a way that a nanostructured
layer was formed [29,55]. The formation of this nanostructured layer
partially blocked the interfacial flow of electrons, resulting in a decrease
in current density, as observed in the third and last region of the curves.
It is clearly seen that the higher the % of M. azedarach leaves extract in
the electrolyte, the later current density began to decrease in the third
stage. In fact, for the sample anodized with 10% of extract, current
density dropped very slowly. This result can be attributed to the ten-
dency of polyphenolic molecules to maintain tungsten species in
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Fig. 2. (a) Molecule of quercetin, a typical polyphenolic compound (flavonoid),
with the three possible metal-complexation sites labelled; (b) example of
tungsten complexation by quercetin molecules.

solution through strong complexing interactions, therefore delaying
W-polycondensates precipitation in the form of tungstic acids.

3.2. FESEM, HRTEM and XRD

To analyze the influence of M. azedarach leaves extract on the
morphology of the formed nanostructures, FESEM images were taken at
different magnifications. In Fig. 3, images obtained at 10,000 magnifi-
cations are shown for the blank sample and for samples anodized with
various extract percentages (1%, 3%, 5%, 7% and 10%). Clear differ-
ences can be discerned between the morphology of the blank sample
(Fig. 3a) and that of the samples anodized with M. azedarach leaves
extract (Fig. 3b-f). For the blank sample, big nanoplates were formed on
a thin layer of approximately spherical nanoparticles (see Fig. 3a and
Figure Sla in the Supporting Information). When M. azedarach leaves
extract was present in the anodization electrolyte, morphology of
nanostructures noticeably changed. Nanoplates disappeared and small
spherical nanoparticles or short nanorods formed homogeneous and
very porous or spongy layers (Fig. 3b and Figure S1b in the Supporting
Information). The size of these short nanorods slightly decreased with
increasing % of extract, since polyphenolic species concentration also
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increased, thus enhancing the complexing capacity of the electrolyte
[38,50]. However, for the sample anodized in the presence of 10%
extract (Fig. 3f), these nanorods started to deform (flatten), maybe due
to the high concentration of complexing agents in the solution.

Fig. 4 represents the mean thickness of the nanostructured layers
formed on the different samples. It can be seen that thickness increased
with increasing M. azedarach extract percentage until reaching a
maximum for the sample anodized with 5% extract, and then decreased.
In this case, two opposing phenomena are responsible for this result. As
the percentage of M. azedarach leaves extract raised, tungsten dissolu-
tion was favored and the amount of complex soluble species near the
electrode surface was higher. Hence, more matter precipitated and the
formed nanostructured layer was thicker. However, an increase in the
extract percentage also enhanced the capacity of polyphenolic mole-
cules to keep tungsten species in solution, in the form of complex
compounds. Therefore, the first phenomenon (higher dissolution and
higher precipitation) prevailed over the second one (stabilization of
complex soluble species) until extract percentages of 5% or lower were
reached. For higher percentages, the second phenomenon was the pre-
dominant one. Anyway, observing images in Fig. 3 and thickness data in
Fig. 4, it can be concluded that nanostructures fabricated with an extract
percentage of 5% provided the highest specific surface to the electrolyte,
since its morphology was very porous/spongy and its thickness was the
largest.

XRD analysis was carried out to study the possible influence of the
electrolyte composition on the crystallinity of WOs3 nanostructures.
Fig. 5 displays the XRD patterns for the blank sample and for samples
anodized in the presence of 2%, 5% and 10% M. azedarach extract. All
samples provided the same pattern with similar peaks, corresponding to
monoclinic WO3 [27,69-72]. Scherrer’s equation has been used to
obtain the crystallite size (D) of the different samples, knowing that the
shape factor k is 0.9, the X-ray wavelength 1 is 0.15406 nm, the
full-width at half maximum intensity is obtained from each peak (in rad)
and 6 is the Bragg angle (also in rad) [73]:

kel
~ wecosd

®

The main peak at 20 of ca. 23° has been used, which is a triplet
actually, corresponding with the (002), (020) and (200) crystalline
planes of the monoclinic WO3 [27,69-72]. The average crystallite sizes
are the following: 44.84 nm for the blank sample, 42.68 nm for the 2%
sample, 40.70 nm for the 5% sample and 44.66 nm for the 10% sample.
The lowest crystallite size is observed for the sample anodized with 5%
M. azedarach extract, while the highest size corresponds to the blank
sample together with the sample anodized with 10% extract. This result
is consistent with the dimensions of nanorods visually analyzed with
FESEM images (Fig. 3). Indeed, it has been observed that as the % of leaf
extract increased in the anodization electrolyte (until 5% was reached),
smaller nanorods were obtained, since the complexing ability of poly-
phenols and other organic molecules in the extract contributed to a
controlled precipitation process and, therefore, to the reduction of the
nanorods size. At higher leaf extract percentage (10%), nanorods started
deforming due probably to chemical etching, and nanorods were dis-
torted. Therefore, it is reasonable that crystallite sizes followed the same
tendency, reaching a minimum for the sample anodized in the presence
of 5% leaf extract.

The FESEM study has allowed knowing the morphology of the
formed WOj3 nanostructures. Further studies with transmission electron
microscopy can provide additional information (phases formed as well
as the morphology using higher magnifications by HR-TEM). Conversely
to FESEM, the TEM study has been undertaken analyzing the material
obtained after scratching the tungsten oxide layer. Fig. 6 shows the TEM
images of the samples synthesized with and without extract. The refer-
ence sample not anodized with extract (blank sample), mainly consisted
of large entities (80-800 nm) with no or low porosity which seemed not
to be formed by the aggregation of small units. Moreover, smaller
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Fig. 3. FESEM images obtained at 10,000 magnifications for the blank sample (a) and for samples anodized with various extract percentages: (b) 1%, (c) 3%, (d) 5%,

(e) 7% and (f) 10%.
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Fig. 4. Mean thickness of the nanostructured layers formed on the
different samples.

entities of different sizes could also be observed. However, the use of the
extract during anodization substantially changed the morphology. In the
case of the sample synthesized with 3% extract, large aggregations of
nanoparticles were mainly observed. Many of these aggregations were in
the order of micrometers and were formed of particles with typical
lengths of 30-120 nm. The samples prepared with higher concentration
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Fig. 5. XRD patterns for the blank sample and for samples anodized in the
presence of 2%, 5% and 10% M. azedarach extract.

of extract (5 and 10%) were also formed by aggregations of nano-
particles. However, these aggregations were, in average, smaller than
those for the 3% sample. Interestingly, differences in the size of the
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0,500

Fig. 6. Transmission electron microscopy (TEM) images of the samples synthesized without (a) or with extracts (b to d) during the anodization: 3% (b), 5% (c), 10%
(d). Additional TEM image of the 3% sample (inset, b), a High Resolution TEM image of 5% sample (inset, ¢) and the corresponding SAED patterns of WOx of 10%

sample (inset, d) are also included.

nanoparticles were detected between the 5 and 10% samples, in
agreement with that observed by FESEM. Then, the nanoparticles of 5%
sample were smaller (mainly ranging from 20 to 60 nm) than those of
the 10% sample (mainly ranging from 20 to 90 nm). It is worth noting
that certain porosity could be observed in the samples treated with
extract.

The analysis of the interplanar distances of all the samples by high
Resolution TEM as well as the SAED study confirms, in agreement with
that observed by XRD, that the samples were formed of monoclinic WO3
phase. No W has been detected, confirming that the scratching of the
sample has been highly superficial. Interplanar distances at 1.58 A,
2.63 A and 3.65 A associated with the Bragg lines of (420), (202) and
(200) corresponding to monoclinic tungsten oxide (JCPDS: 43-1035)
have been clearly observed although the level of crystallinity is not
elevated (Fig. 6d).

3.3. (Photo)electrochemical characterization: impedance measurements
and photocurrent density vs potential curves

Electrochemical Impedance Spectroscopy (EIS) measurements were
performed to investigate electrochemical processes at the nano-
structures/electrolyte interface. Nyquist and Bode-phase plots are pre-
sented in Fig. 7. In Nyquist plots (Fig. 7a), two incomplete semicircles
were obtained, one at medium frequencies (see enlarged plot) and
another one at low frequencies. The smaller first semicircle can be
associated with the interfacial charge transfer of the nanostructures,

while the second semicircle, much larger, accounts for the electro-
chemical response of the remaining compact WOs film at the bottom of
the nanostructured layer [74]. Therefore, the first (smaller) semicircle is
the interesting one, since it is directly related to the interfacial specific
area of the nanostructures. Observing the enlarged plot in Fig. 7a (right),
it is clear that the sample with the lowest semicircle was the one
anodized with 5% extract, while the blank sample yielded the highest
impedance values.

Bode-phase plots (Fig. 7b) show two visible bands, directly related to
the two semicircles (at medium and low frequencies) observed above in
Nyquist plots. Consequently, in order to quantitatively discuss EIS re-
sults, an equivalent electrical circuit with two R-CPE time constants
hierarchically associated (see inset in Fig. 7b) has been used. Rg repre-
sents electrolyte resistance, while R-CPE elements account for the
resistance and capacitance of the nanostructured electrical double layer
(1) and for the compact WOs film underneath the nanostructured layer
(2) [29,74]. It is worth remarking that in this circuit, Constant Phase
Elements (CPE) have been used instead of pure capacitances to consider
the non-ideal behavior of real capacitors.

Resistance values for all the samples are presented in Table 1. In all
cases, chi-square values were of the order of 1073 or even 1074, indi-
cating the good fitting of the circuit to the experimental data. Electrolyte
resistances (Rg) were similar for all the samples, since the electrolyte and
the experimental set-up was always the same. The highest value for the
resistance of the nanostructure (interfacial charge-transfer processes)
(R;) was for the blank sample, decreasing with growing extract
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Fig. 7. Nyquist (a) and Bode-phase (b) plots of the WO3 nanostructures fabricated without (blank) and with different extract percentages.

Table 1
Resistance values calculated from EIS data for all the WO3 nanostructures.
Sample Rs (Q-cm?) R; (kQ-cm?) R (GQ-cm?) X% (x1073%)
Blank 10.1 70.8 5.7 2.4
1% 10.2 43.0 5.5 0.5
2% 10.0 16.8 6.5 0.6
3% 10.2 14.4 5.9 2.9
4% 9.6 12.8 6.9 0.3
5% 10.0 5.4 6.3 2.8
6% 9.6 8.4 5.7 1.0
7% 9.6 11.3 6.2 0.5
10% 9.9 23.9 8.6 2.7

percentage until reaching a minimum value for the 5% extract sample,
and then began increasing again. This result can be ascribed to an in-
crease in specific surface area for nanostructures anodized in the pres-
ence of M. azedarach leaves extract, reaching a maximum specific
surface value with 5% extract. The previous explanation is consistent
with the morphology of the samples (Fig. 3) and with the thickness of the
nanostructured layers (Fig. 4). Finally, resistance values of the compact
WOs film formed at the bottom of the samples (Rz) were much higher
than R; and of the same order of magnitude, regardless of the sample.
Mott-Schottky analysis was also performed to study the semi-
conducting behavior of the WO3 nanostructures, as well as to evaluate
their defectiveness, in order to use these samples in photo-
electrocatalytic applications. Fig. 8 shows the Mott-Schottky plots of the
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Fig. 8. Mott-Schottky plots of the WO3 nanostructures fabricated without

(blank) and with different extract percentages.

different nanostructures. It can be observed that a clear linear region
with positive slope was obtained for all the samples, indicating an n-type
semiconducting behavior. According to Mot-Schottky equation:

1 1 2 ksT
— = E—Ep— 2%
C2 CIZ_I+E,806ND ( B e )

@

the value of density of defects or donor species Np (in cm™2), which are
oxygen vacancies in the case of WOs, could be determined from the
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different slopes. The other parameters in Mott-Schottky equation are: Cy
(capacitance of the Helmholtz layer), & (relative permittivity or
dielectric constant of WO3 nanostructures (50) [75,76]), &9 (vacuum
permittivity, 8.85-10 ' F em™1), e (elementary charge, 1.60-1071° C),
Epp (flat-band potential, in V), kg (Boltzmann constant, 1.38.10°%3
J K1) and T (absolute temperature, in K).

From Fig. 8, it is seen that the positive slope of the linear region
decreased with increasing extract percentage in the anodization elec-
trolyte, reaching again a minimum value for the sample fabricated with
5% extract. For higher percentages, the slope began increasing again.
Oxygen vacancies density (Np) are presented in Table 2. The highest Np
value was reached by the 5% extract sample, while the lowest value
corresponded to the blank sample. These results complement those
previously obtained from EIS measurements, since high donor densities
generally correlate with low interfacial charge-transfer resistances and
vice versa. Hence, the highest value of Np for the sample synthesized
with the 5% extract is also a result of its highest specific surface area,
resulting in low resistances, therefore favoring charge transfer processes
and making this nanostructure a very good candidate for electro-
chemical and photoelectrochemical applications.

Photoelectrochemical properties of the WO3 nanostructures were
also examined by means of linear sweep voltammetries recorded while
applying pulses of dark and simulated solar light conditions. This kind of
plot permits determine the photoelectrochemical response of the sam-
ples (by measuring their photocurrent densities) and, at the same time,
assess their stability towards photodegradation (through their dark
current densities). Fig. 9a shows the different potential-(photo)current
density curves for the WOs3 nanostructures. Upon illumination with
simulated solar light, high photocurrent densities, i,, (pulses), were
obtained for all the samples, whereas very low (of the order of several pA
em™2) dark current densities were obtained without illumination.
Photocurrent densities also increased with applied potential. The high-
est i values were recorded for the 5% extract sample, which is
consistent with previous results. Thus, the high specific surface area of
this sample resulted in more photon hitting sites and, consequently, in a
higher number of photogenerated electron-hole pairs. In Fig. 9b, this
tendency of photocurrent densities is more visibly shown at two
different potentials: 0.72 V and 1.05 V. It is observed that for both po-
tentials, the maximum i,, value was reached for the sample labelled as
5%.

DR-UV-Vis. spectra of WOs3 nanostructures synthesized by the
anodization of tungsten in the presence of extracts are shown in
Figure S2. In all cases, the general shape of the spectra mainly consists of
one main absorption band in the UV region until ca. 450 nm, which
corresponds to a typical inter-band transition of bulk WOs3, consistent
with the monoclinic structure [77]. The band gap energies of tungsten
oxide nanostructures were also determined through the Tauc plot. Band
gaps around 2.78 eV were observed for all the samples regardless of the
use of extracts during the synthesis procedure. These values are in the
usual energy range reported for monoclinic WO3 nanostructures (from
2.5eV to 3.00 eV) [78].

Table 2
Donor density values (Np) for all the WO;3
nanostructures.
Sample Np (cm~3) x 10%°
Blank 2.8
1% 5.1
2% 18.0
3% 41.2
4% 41.7
5% 103.8
6% 37.4
7% 34.6

10% 6.3
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Fig. 9. (a) Potential-(photo)current density curves for the WO3 nanostructures.
(b) Variation of the maximum photocurrent density value with extract per-
centage, recorded at two applied potentials: 0.72 V and 1.05 V.

3.4. Evaluation of WO3 nanostructures as Li-ion battery anodes

Fig. 10a displays the galvanostatic charge/discharge curves for the
WO3 nanostructure fabricated with the 5% M. azedarach extract, since it
has been the nanostructure with the best electrochemical performance.
In this figure, variation of potential vs specific capacity is shown for the
WOs3 (anode)/Li (cathode) battery, at different cycles and at a rate of
0,1 C. Hence, anode charge curves correspond with the charging of the
WOs3 anode, that is, with the insertion of Li™ within the oxide lattice,
while anode discharge curves refer to the Li" extraction process from the
LixWOsg structure.

The first charge and discharge cycles provided a specific capacity of
933.5 mAh/g and 365.6 mAh/g, respectively, resulting in a reversible
coulombic efficiency (i.e. the ratio between extraction and insertion
capacities) of only 39.2%. This low efficiency can be explained consid-
ering the first charge (Li" insertion) curve, whose specific capacity was
much higher than for the rest of cycles. In the charge curve of cycle 1
there are some unique features which were not repeated in subsequent
cycles and which, therefore, are related to different irreversible pro-
cesses. First, the initial potential drop was followed by a potential
plateau at ~1.7 V, which can be associated with some irreversible phase
transformation and/or with the formation of a solid electrolyte interface
(SED) on the WO3 surface [79,80]. A second, and shorter, potential
plateau appeared at ~0.7-0.8 V, which has also been usually ascribed to
electrolyte decompositions in the low potential region and irreversible
formation of a SEI [79,81] or to some permanent lithium insertion
within the WOs5 lattice caused by irreversible phase transformations [79,
82]. Some authors relate the plateau around 0.7-0.8 V to the electro-
chemical reduction of W to metallic W and the formation of amor-
phous LizO [81,83], according to the next conversion reaction:
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Fig. 10. (a) Galvanostatic charge/discharge curves for the WO3 nanostructure fabricated with the 5% M. azedarach extract, with a cycling rate of 0.1 C. (b) Specific
capacity vs number of cycles of the WO3 sample fabricated in the presence of 5% M. azedarach extract (results for the blank Fig. 10. (a) Galvanostatic charge/
discharge curves for the WO3 nanostructure fabricated with the 5% M. azedarach extract, with a cycling rate of 0.1 C. (b) Specific capacity vs number of cycles of the
WO3 sample fabricated in the presence of 5% M. azedarach extract (results for the blank sample are also shown for comparison purposes).

LixWO3 + (6-x) Li - W + 3 LioO 3)

However, the previous process has also been linked to the plateau
appearing at ~0.3-0.4 V (and, in the present case, the small potential
increase, as well) [80,84]. This process has been identified as respon-
sible for certain degree of changes (destruction or deformation) of the
WOs crystal structure [80,81,85], which would be another irreversible
process with influence on the decrease of coulombic efficiency. Finally,
the large sloping region of the first discharge curve (until O V) has been
explained by reaction processes between the WO3 and the electrolyte
[84].

Regardless of the particular origin of all the potential plateaus and
low-voltage sloping regions, it is clear that all these features in the first
charge curve are caused by interfacial irreversible processes. Therefore,
these issues did not appear in successive charge curves, whose features
were simpler. The potential drop from 3.5 V to approximately 0.7 V is

normally attributed to the reaction [82,84]:

WO3 + x Li" + x e - LixWO3 (©)]

This process was followed, from 0.7 V to 0 V, by a softer potential
decrease, corresponding to the conversion reaction (3), explained
before. Therefore, the global electrochemical process between Li ions
and WOj3 nanostructures can be summarized as [84]:

WO3 + 6 Lit + 6 € > W + 3 Li,O (5)

Concerning discharge curves (Li" extraction from the anode), dif-
ferences between cycles were much smaller than for charge curves.
Potential started to increase constantly from 0 V to approximately 1.3 V
due to lithium extraction process. The tendency of this increase changed
between 1.3 and 1.5 V with a pseudo-plateau, which may be related to
the oxidation reaction of W° to W®* [81,83]. After that, Li* extraction
continued until a potential of 3.5 V was reached. Both processes (Li*
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extraction and W oxidation) took place reversibly, since all discharge
curves showed the same features.

Fig. 10b shows the cycling performance of the WO3 sample fabri-
cated in the presence of 5% M. azedarach extract, by plotting the specific
capacity vs the number of cycles at the different cycling rates. Results for
a blank sample (i.e, synthesized without M. azedarach extract) are also
shown to compare. It can be seen that the biosynthesized WO3 nano-
structure provided higher specific capacities, regardless of the cycling
rate. Besides, this sample significantly recovered its specific capacity
after fast charge/discharge cycles (0.1 C cycling at the end of tests),
while blank sample lost a great amount of its initial specific capacity.
This result indicates that big nanoplates and nanoparticles (blank sam-
ple) were unstable under different charge-discharge rates compared
with short nanorods forming spongy layers (biosynthesized sample). For
both samples, capacities decreased with increasing cycling rates, which
is normal, due to internal resistances, difficulty for Li" ions to transport
at these high rates, etc. It can also be observed that reversible coulombic
efficiencies for the M. azedarach-mediated WO3 nanostructure was very
high, apart from the first charge/discharge cycle at 0.1 C, where an
important irreversibility was observed, as it has been commented above.
Differences observed between both samples can be explained by a
significantly higher surface area of the biosynthesized WO3 nanorods
compared with that of WO3 nanoplates of the blank sample. These re-
sults, therefore, confirm the better performance of bio-mediated WO3
nanostructure as negative electrodes in Li-ion batteries. However,
several issues must be improved in the future, such as higher reversible
coulombic efficiency and enhanced specific capacities, especially at high
cycling rates.

4. Conclusions

Monoclinic WO3 nanostructures have been fabricated by electro-
chemical anodization in the presence of different amounts of Melia
azedarach leaves extract. The formation mechanism was based on a
dissolution-precipitation process, and in all the cases, short nanorods
were formed. However, at extract percentages between 4% and 6%,
these nanorods were smaller, thus exposing higher specific surfaces,
which was confirmed by HR-TEM analyses.

Resistance of WO3 nanorods to charge transfer processes decreased
with increasing the percentage of leaves extract until reaching a mini-
mum for 5%. Density of defects (oxygen vacancies for n-type semi-
conductor WO3) increased with increasing the percentage of leaves
extract until reaching a maximum for 5%. This behavior can be ascribed
to the substantial increase in the WO3 nanorods specific surface for
extract percentages around 5%. The high specific surface area of these
nanorods was fundamental for their excellent behavior as photo-
electrocatalysts, enhancing the interaction with photons and promoted
the formation of photogenerated electron-hole pairs. Moreover, nano-
rods anodized in the presence of 5% leaves extract displayed high spe-
cific capacities as Li-ion battery anodes and good cyclability compared
with the blank sample (anodized without biogenic compounds),
although the formation of a solid electrolyte interface (SEI) resulted in
an irreversible loss of capacity between the first and subsequent cycles.
This phenomenon should be solved in the future to improve the per-
formance of these nanostructures as electrodes in rechargeable Li-ion
devices.

All results obtained in this work confirm that anodization of tungsten
in the presence of biogenic molecules from M.azedarach leaves extract
resulted in high aspect ratio WOs nanorods with great photo-
electrocatalytic performance and promising behavior as Li-ion anodes.
Therefore, the new methodology for the fabrication of nanostructures
presented in this work, which combines the simplicity and versatility of
electrochemical anodization with all the advantageous green aspects of
using biogenic electrolytes, could represent and important improvement
not only in the nanomaterials field, but in the energetic one.
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