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Nanomaterials with diverse morphologies have attracted considerable attention owing to their applications
in numerous scientific disciplines. This study investigated the influence of various experimental parameters
on the morphology of anodic WO3 nanostructures obtained in aqueous HNO=. X-ray diffraction (XRD)
analysis confirmed that WOz comprises a monoclinic phase, while field-emission scanning electron
microscope (FE-SEM) results revealed the formation of WOz nanoflowers and nanosheets morphologies

under optimized conditions. X-ray photoelectron spectroscopy (XPS) analysis further verified the
Received 4th June 2025 hemical ition and oxidation state (W) of the WO fl Th d mechanism f
Accepted 24th July 2025 chemical composition and oxidation state of the s nanoflowers. The proposed mechanism for

the formation of nanoflowers and its transition to nanosheets based on chemical reactions is also

DOI: 10.1035/d5ra03947a elucidated. This study provides information regarding the specified parameters and their potential impact

Open Access Article. Published on 31 July 2025. Downloaded on 12/9/2025 12:03:40 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances

Introduction

In recent years, nanomaterials have attracted considerable
attention due to their unique properties and diverse applica-
tions. Their physicochemical characteristics are highly depen-
dent on size and morphology, making structural control
essential for optimal performance in various fields." Different
strategies have been developed for the synthesis of nano-
materials such as co-precipitation,> micro-emulsion,® hydro-
thermal,” sonochemical,” anodization," and sol-gel,® etc.
However, most of these methods are time consuming, compli-
cated, and require special conditions or expensive precursors.
Anodization is an electrochemical method that is facile, cost-
effective, rapid, and environmentally friendly. This process is
generally used for the formation of an oxide layer directly on the
surface of a metal substrate with controlled morphology using
different electrolytes.”

Anodic nanostructures have been widely utilized in diverse
applications like corrosion resistance,® sensors,’ lithium-ion
batteries (LiBs)," solar cells," and supercapacitors'? etc. The
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on the morphology of the anodic WOz nanostructures.

formation of anodized aluminum oxide dates back to 1953, as
first reported by Keller et al.*® Since then, numerous metals such
as titanium, zinc,'® niobium,' nickel,”” tungsten,'® and zirco-
nium™ etc., have been explored. Among transition metal-oxides
(TMO), tungsten oxide (WO3) stands out as a wide bandgap (2.6-
3.5 eV) semiconductor, gaining significant attention for its
applications in electrochemical sensing, photocatalysis, energy
storage, electrochromic devices, and the hydrogen evolution
reaction (HER).>**?

Porous tungsten oxide was reported for the first time by
Mukherjee et al. (2003)** using galvanostatic anodization in
0.2 M oxalic acid. Since then, various electrolytes such as
H,S0,,>* NaF,* HF,*® NH,NO;,” Na,S0,,*® and H;PO, (ref. 29)
have been successfully used for the synthesis of anodic WO;
with a nanoporous morphology. Similarly, HNO; has been
shown to produce nanosheet-like structures when magnetron
sputtered tungsten thin film was anodized.*® Moreover,
Widenkvist et al.** immersed the tungsten sheet in nitric acid
solution at elevated temperature for 3 hours, resulting in the
formation of plate-like nanostructures. However, this method is
time-consuming compared with anodization.

The anodic oxide layer formed on the tungsten substrate
offers several advantages, such as strong adhesion to the metal
substrate, which enhances the charge transport. It can also be
utilized directly in various applications without any further
processing and is cost-effective and time efficient. Moreover, it
prevents further oxidation and protects metal from corrosion
when exposed to harsh environments. The morphology of the
anodic oxide layer can be tailored by adjusting certain param-
eters such as the applied voltage (controlling the nanostructure

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra03947a&domain=pdf&date_stamp=2025-07-30
http://orcid.org/0000-0002-4158-6832
http://orcid.org/0000-0002-1436-3131
http://orcid.org/0000-0002-0337-8848
http://orcid.org/0000-0003-4587-9402
http://orcid.org/0000-0001-8629-2259
http://orcid.org/0000-0002-5441-3244
http://orcid.org/0000-0002-5284-6150
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03947a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015033

Open Access Article. Published on 31 July 2025. Downloaded on 12/9/2025 12:03:40 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

size), reaction duration (affecting thickness), and electrolyte
type/concentration. All of these parameters play an important
role in tuning the morphology of metal-oxide nanostructure and
obtaining the morphology of interest suitable for certain
applications.

Given the limited research done on the formation of WO,
nanostructures in HNOj, this study undertakes a comprehen-
sive investigation into the synthesis of WO; nanostructures,
with a particular emphasis on their morphological transition
from nanoflowers to nanosheets. The primary objective of this
research is to examine the influence of experimental conditions
on the structural characteristics of anodic WO; nanostructures.
These conditions are pivotal for synthesizing anodic WO;
nanostructures with desired morphology and properties,
including size dimensions, nanostructure density distribution,
and layer thickness. To the best of our knowledge, no compre-
hensive study on the optimization of WO; using a nitric acid
electrolyte has been previously reported. Consequently, this
study offers valuable insights for new researchers in this field.

Experimental
Synthesis of WO; nanoflowers

For anodization, tungsten (W) sheets with a thickness of
0.1 mm and purity of 99.99% (Goodfellow, England, UK) were
used. Before anodization, the sheets were subjected to
a sequential cleaning process involving 5 min of sonication in
acetone, ethanol, and deionized water. A two-electrode system
was employed for anodization with a Cu rod serving as the
counter electrode and a W sheet as the working electrode
(anode). Experiments were conducted using a DC power supply
(ES015-10, Delta Elektronika, Netherland). The tungsten sheets
were anodized at constant voltage (15 V) under various condi-
tions, including temperature (50, 70, and 90 °C), anodizing time
(15, 60, and 90 min), and electrolyte molarity (0.5, 1.5, and 3 M).
Temperature of the electrochemical setup was controlled using
a temperature-controlled digital water bath system. The opti-
mized experiments were performed for 15 min in 40 mL of 1.5 M
aqueous HNOj; solution at 15 V. Among the various experi-
ments, a 15 min anodizing duration was found to be optimal for
the formation of homogeneous nanoflowers; thus, subsequent
experiments were conducted at a constant voltage of 15 V for
15 min. The effects of molarity and temperature were also
investigated while keeping the other anodizing parameters
fixed. The samples were rinsed with deionized water, dried in an
oven at 70 °C for 2 hours, and annealed at 450 °C for 1 hour.?**

Characterizations

The surface morphology and elemental composition of the
samples were analyzed using field-emission scanning electron
microscope (FE-SEM, JSM-IT800, JEOL, Japan) coupled with
energy-dispersive X-ray spectroscopy (EDX). The crystal struc-
ture and phase purity were examined using X-ray diffraction
(XRD) with a SmartLab X-ray diffractometer equipped with
a HyPix 3000 detector (Rigaku, Japan), utilizing Cu Kol radia-
tion (A = 1.54056 A). X-ray photoelectron spectroscopy (XPS) was
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employed to investigate the structural properties and oxidation
states using a VG Physical Electronics Quantum 2000 scanning
ESCA microprobe (Thermo VG Scientific, USA) with Al-Ka
radiation as the excitation source.

Results and discussion

The XPS spectra of the annealed WO; nanostructure (Fig. 1)
displayed all the characteristic peaks of WO; in both the survey
as well as the high-resolution scan. The survey spectrum of WO,
(Fig. 1a) shows peaks corresponding to W 4f, O 1s, and C 1s. The
peak for W 4f at approximately 35.2 €V is identified as W 4f;,,
while the peak around 37.4 eV corresponds to W 4f;, (Fig. 1b),
confirming the presence of W°" species coordinated with
oxygen in the WOj; lattice. The deconvoluted peak at 284.45 eV
represents the C 1s peak for non-oxidized state such as C-C/C-H
bonds, while the peak at around 286.5 eV refers to oxidized
carbon as in C-O. Both the C 1s peaks are attributed to the XPS
system during analysis (Fig. 1c). Moreover, the high-resolution
O 1s spectrum (Fig. 1d) shows a main peak at approximately
530.5 eV, corresponding to the W-O bond within the WO;
lattice while the deconvoluted peak at 31.6 eV represents the
surface adsorbed oxygen. The XPS results confirm the formation
of a highly pure WO; nanostructure through anodization.

The prepared pristine WO3; nanostructure is amorphous in
nature as shown in the XRD pattern (Fig. 2a), which trans-
formed into a crystalline form after annealing at 450 °C, as
evidenced by prominent diffraction peaks at 23.27°, 24.33°,
26.45°, 28.90°, 33.28°, 34.07°, 47.7°, 50°, and 53.92° (Fig. 2b).
These peaks correspond to the monoclinic crystal structure of
WOj3, which is characterized by lattice parameters a = 7.297 A,
b=7.539 A, and ¢ = 7.688 A. They aligned with reflections from
the crystal planes (020), (200), (120), (112), (022), (202), (004),
(140), and (240), as per ICCD # 43-1035. The diffractogram
confirms the successful synthesis of pure monoclinic WO;. The
sharp and intense peaks indicate good ecrystallinity after
annealing process. The XRD results are corroborated by the XPS
analyses.

Effect of different anodizing parameters on WO;
nanostructure morphology

Anodizing parameters are important for tuning the morphology
of anodic nanostructures. From our preliminary experiments,
we reach the conclusion that at room temperature, as depicted
in the SEM image (Fig. 3a), there is no formation of WO,
nanosheets/nanoflowers. However, the surface is composed of
a shallow which decreased owing to the loss of porous oxide
layer, as confirmed by the elemental analysis shown in EDX
spectrum (Fig. 3b). This is because HNO; is an inorganic acid
which is not reactive at room or very low temperature, and the
dissolution of tungsten metal occurs only at high temperature;
hence, no specific morphology is obtained at room tempera-
ture.'® Therefore, anodization was performed at 50, 70, and 90 °©
C to comprehensively study the temperature effect on its
morphology.
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Fig. 1

Temperature effect

Fig. 4a-c shows the FESEM images of the pristine anodic WO;
nanostructure obtained at different temperatures (50, 70, and
90 °C). The formation of irregular and dense WO; nanoflowers
is evident from Fig. 4a when anodization was conducted at 50 °
C, in contrast to the shallow nanoporous morphology obtained
at room temperature (Fig. 3a). As the anodization temperature
increased from room temperature to 50 °C, the dissolution of W
sheet started which resulted in the formation of nanoflowers
with irregular shape morphology. These nanoflowers are

(a) XPS survey spectrum of the WOz nanostructure and high-resolution XPS spectra of (b) W 4f, (c) C 1s (d) O 1s.

comparatively less smooth and entangled (Fig. 4a). A further
increase in the anodizing temperature up to 70 °C caused the
transition from nanoflowers to regularly stacked nanosheets
owing to the detachment of the nanopetals from the nano-
flowers and their conversion into a more regular and smoother
plate-like morphology. The density and size of the nanosheets
were also enhanced owing to the increase in the nucleation and
growth rates, which probably occurred in our case with an
increase in temperature (Fig. 4b). A similar phenomenon was
observed when the temperature was further increased to 90 °C
(Fig. 4c) which can be attributed to the Ostwald ripening effect
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Fig. 2 Diffractogram of pristine (a) and WO3z nanostructure annealed at 450 °C for 1 hour in air (b).
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Fig. 3 Top-surface FESEM image of WO3z with shallow nanoporous structure anodized at room temperature (a) and the corresponding EDX

spectrum (b).

because increases in temperature expedite the dissolution of
small sheets, resulting in the formation of fewer but larger
stable sheet-like morphologies, as shown in Fig. 4c.*® Based on
the above observations, 90 °C was found to be the optimum
temperature for the formation of WO; nanosheets and was
further used to study the effect of the remaining parameters.
Fig. 4d-f depicted the FESEM images of the samples
annealed at 450 °C for 1 hour in air. It can be observed that
annealing didn't destroy the morphology of the pristine WO,
nanostructures, except size of the nanosheets, which decreased
owing to the loss of adsorbed water during thermal treatment.

Anodizing time effect

In addition to temperature, the anodization time also played
a key role in controlling the morphology of the WO;

nanostructures anodized in 1.5 M HNO; at 15 V and 90 °C.
Homogeneous nanoflowers with regular and smooth shapes
were obtained when the tungsten sheet was anodized for
15 min, as shown in Fig. 5a. Ostwald ripening phenomenon can
be clearly observed when the anodization time increases from
15 min to 30 min and then to 60 min, as shown in Fig. 5b and c,
respectively. As the anodization time increased, the entangled
petals of the nanoflowers started to be disentangled, followed
by regrowth over the larger petals. When the time was increased
to 30 min, the smoothness was lost, as shown in the inset of
Fig. 5b, and there was an overall volume expansion due to the
dis-entanglement of the nanoflower petals/sheets, as depicted
in the low magnification SEM image (Fig. 5b). When the
anodizing time was further increased to 60 min, the maximum
dissolution of the small sheets was achieved, and the

Fig. 4 FSEM images (a—c) of the top surfaces of the as-anodized WOz nanostructures obtained at 15 V for 15 min at (a) 50, (b) 70, and (c) 90 °C,
whereas the FESEM images of the respective annealed samples are given (d—f). The inset shows the respective high-magnification images.
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Fig. 5 Top surface FESEM morphology of WOz nanoflowers obtained in 1.5 M HNO3 at 15V, and 90 °C at different anodization duration (a)
15 min, (b) 30 min, and (c) 60 min with high magnification images in the inset.

nanosheets had smooth edges with relatively larger sizes and
greater thicknesses, as shown in the inset of Fig. 5c. As we were
interested in the nanoflowers morphology, therefore 15 min
was used in the rest of the experiments as the anodization time.

Electrolyte molarity effect

Fig. 6 shows FESEM images of WO; nanostructures anodized at
different HNO; concentrations at a constant temperature and
potential. It can be clearly observed from the images that the
concentration is mainly associated with the nucleation rate of
the nanosheets. After anodizing in 0.5 M HNO;, as shown in
Fig. 6a, the density of the nanoflowers was much lower, and
most of the surface of the oxide layer was empty/bare, possibly
because of the slow nucleation rate due to the low electrolyte
concentration. However, when the concentration was increased
to 1.5 M and then to 3.0 M, the obvious increase in the reaction
kinetics and nucleation resulted in an increase in the density of
nanoflowers with their conversion to nanosheets (Fig. 6b and c).

Magnetic stirring effect

We also studied the effect of magnetic stirring on the
morphology of the WO; nanostructures. An anodization exper-
iment was conducted under continuous stirring while keeping
all the other conditions constant for comparison. FESEM
images of the WO; nanostructures obtained with and without
stirring are depicted in Fig. 7. As shown in Fig. 7a, without
stirring, the nanosheets were much thicker and longer in size
than those formed under stirring conditions. We believe that
with stirring and, consequently, fast ionic movement, the
nanosheets do not have enough time to grow; therefore, dense
nanosheets with small sizes can be observed, as depicted in
Fig. 7b.

Possible mechanism of nanoflower formation

Based on our experimental findings, we propose a plausible
mechanism for the formation of WO; nanoflowers via anod-
ization (Fig. 8). Owing to the high oxidation potential of W/W"®
(0.09 Vvs. NHE) at STP, the process could be promoted in strong
acid (HNOj3) to provide a highly oxidizing environment. In this
study, nitric acid, which is known for its strong oxidizing
properties, particularly at elevated temperature, was employed
as the electrolyte for conducting these experiments.

In this study, WO; nanostructures were produced under
optimized conditions, where the ultimate morphology of either
the nanoflower-type or nanosheet was highly dependent on
switching the experimental conditions. Two types of morphol-
ogies (nanosheets and nanoflowers) were obtained for anodic
WO; under strong acid conditions. Based on literature and
experimental conditions, we propose that the overall growth
process follows three key stages. First, the oxidation of the W
(W/W™, eqn (1)) sheet under anodic conditions is followed by
oxidation of water and ionic dissociation of HNO; towards the
formation of anions (OH ", O,, NO; ) in the electrolyte (eqn (2)).
However, in this case, since W is also active, it competes with
water oxidation, forming WO; (eqn (3)). In the last step, anions
and cations (W"") are produced owing to the applied potential
and coulombic attractive forces. The last step generally takes
place at the electrode/electrolyte interface, where anions defuse
from the electrolyte towards the anode due to the concentration
and pH gradient, where they react with W™" cations to initiate
the nucleation process. It is well-known that the diffusion of
anions towards the anode depends on their reduction potential.
Thus, there is a great chance that superoxide ions (0*~) diffuse
more readily towards the anode owing to their strong reducing
ability.*® Therefore, under static anodic conditions (15 V,

Fig.6 Top surface FESEM morphology of WOz nanoflowers obtained at 15 V for 15 min and at 90 °C at various HNO3 electrolyte concentrations
(@) 0.5, (b) 1.5 M, and (c) 3.0 M with high-magnification images in the inset.
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Fig. 7 Top surface FESEM morphology of WOz nanostructure obtained in 1.5 M HNO3 at 15 V, 15 min, and 90 °C (a) without stirring and (b) with

continuous stirring. The inset shows the high magnification images.
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Fig. 8 The formation process of WOz nanoflowers on W sheet in
HNO= based electrolyte via anodization.

Fig. 9 Monoclinic WOs unit cell showing the (002) facet.

15 min, 90 °C, and 1.5 M), an uninterrupted reaction between
anions and cations occurred at the W"'/electrolyte surface,
leading to the development of a nanoflower-like morphology.
This flower-like morphology is probably due to the possible
arrangement of the nanosheets with the lowest surface energy.**

© 2025 The Author(s). Published by the Royal Society of Chemistry

W — WO + e~ (1)
2H,0 — O,(g) + 4H" + 4e™ (2)
W(s) + 3H,O0 — WO; + 6H" + 6e~ 3)

During a anodic potential, there is also the possibility of the
formation of WO; ions at the surface of the anode owing to
hydroxyl ions as a result of water ionization (eqn (4) and (5)).*

WO + 30 > WO, (4)
W% + 30H" — WO; + 3H" + 6e~ (5)

Similarly, several other processes occur simultaneously to
complete the entire mechanism. As previously discussed, water
oxidation can be used to facilitate eqn (6) and (7) for long-
lasting anodic processes while generating cations/anions.
WO,>" ions are unstable which form more stable WO;. H,O
liberates protons from the electrolyte (eqn (7)).

WO; + 2H" —» WO,”" + H,0 (6)
WO,** + 2H,0 — WO;3 H,0 + 2H" (7)

In addition, the nitrate (NO;™) ions present in the electrolyte
also participate in the process and form unstable tungstate
(WO,>") ions during the field-assisted dissolution mechanism,
which is unstable and forms more stable WO;-H,O with H, as
shown in eqn (8) and (9), respectively: tungstate ions can also
combine with OH™ ions to form tungsten hydroxide that
precipitates upon saturation and initiates the formation of
nanoflowers and nanosheet-like morphology (eqn (10)).**

2NO;~ + WO; + HO — WO, + 2HNO, (8)
WO,>” + 2H" —» WO;-H,0 9)

W02~ + 20H™ — WO; (OH),>~ (10)

RSC Adv, 2025, 15, 27238-27245 | 27243
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The development of appropriate morphology involves
nucleation and growth. We believe that in situ generated
tungstate (WO,>") ions initially precipitate on the surface of
the W sheet and act as nuclei.*® Nuclei are usually initiated at
the grain boundaries of the W sheet due to high energy zones.
As the anodizing time increased, the nuclei tended to reduce
their surface energy by aggregating in the form of nanosheets
via Ostwald ripening phenomenon.*® Over time, we observed
that the nanoplates were assembled and achieved a nano-
flower-like morphology. From this, we can deduce that due
to the high surface energy of the initial nuclei and fast
precipitation of the starting layer in the form of nanoplates,
the remaining continuously deposited materials compete in
a limited space within the initial precipitation.’” Conse-
quently, most of the nanoplates are forced to grow perpen-
dicularly, resulting in a densely packed flower-shaped
structure, and these nanosheets from different sides come
together to form an inter-connected network structure. Upon
annealing, tungsten hydroxide in air at 450 °C for 1 hour, the
monoclinic form of tungsten oxide was formed. This was
attributed to the removal of the water trapped during anod-
ization. It is evident from the diffractogram that monoclinic
WO; was produced after annealing. The (002) facet is the most
dominant plane and appears with the highest intensity.
Therefore, it is concluded that this is a high-energy plane, and
crystal growth occurs through this plane-forming nanosheet
and finally nanoflower morphology. The monoclinic unit cell
of WO; with the (002) plane is shown in Fig. 9.

By employing the proposed mechanism, it became apparent
that the applied potential starts the nucleation process of the
nanoplates. The applied potential primarily accelerated the
reactions described in eqn (1) and (2), consequently generating
a large quantity of readily soluble species available for precipi-
tation. Conversely, it did not influence the reaction described in
eqn (4), which governs the growth of the nanostructured film.*”

Conclusion

WO, with nanoflowers and nanosheets
morphologies were successfully obtained using a facile and
simple anodization technique in HNO; aqueous electrolyte.
This study systematically explored the effects of anodizing
time, temperature, electrolyte concentration, and stirring on
the evolution of WO; nanostructures morphology. A clear
correlation was established, revealing that specific conditions
drove the formation of nanoflowers and nanosheet structures.
We present a possible mechanism for the formation of nano-
flowers under specific conditions and their conversion into
nanosheets. These findings provide valuable insights into
optimizing WO; nanostructures for tailored applications and
serve as a foundation for future research on the anodization of

WOj; in nitric acid.

nanostructures
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