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-density nanoarrays on
a substrate via smart anodizing as novel 3D
electrodes for nano-energy applications†

Alexander Mozalev, *a Maria Bendova, a Lukas Kalina, b Jan Prasek, ac

Francesc Gispert-Guirado d and Eduard Llobet e

Nanostructured molybdenum oxide (MoOx) has many exciting properties that are highly dependent on the

synthesis procedure. MoOx nanostructures should be aligned on a substrate for nanoelectronic on-chip

applications, which has been challenging. Here, for the first time, arrays of MoOx-based nanoprotrusions of

various morphologies (nanogoblets and nanorods), dimensions (20–500 nm), and surface densities (up to

1011 cm−2), spatially separated and vertically aligned on a Si wafer, were synthesized via self-organized

porous-anodic-alumina (PAA)-assisted anodization of a Mo underlayer covered with a few nm thick Nb

interlayer. This creative anodization approach enabled sustainable growth of fully amorphous MoOx within

and under the PAA nanopores in several aqueous electrolytes, which other reported methods cannot

accomplish. The nanoarrays grow via the outward migration of Mon+ cations enabled by the thin niobium-

oxide interlayer, followed by the concurrent migration of Mon+ (n = 4–6) and Nb5+ cations in the PAA

barrier layer and along the pore walls, competing with the migration of Mon+ through the anodic

molybdenum oxide that grows within the ‘empty’ pores. The nanorods derived after selective PAA

dissolution feature a core/shell heterostructure: The shells are composed of MoO3, several molybdenum

suboxides (Mo5+, Mo4+), stoichiometric Nb2O5, and Al2O3, all mixed at the molecular level, whereas the

cores are slightly hydrated and reduced MoO3, as revealed by X-ray photoelectron spectroscopy. The

annealing in air or vacuum at 550 °C increases the oxidation state of Mon+ cations in the shells and causes

the formation of monoclinic MoO2 and orthorhombic Nb2O5 nanocrystallites in the bottom oxide. Mott–

Schottky analysis disclosed n-type semiconductor properties of the cores, with the charge carrier density

reaching 1 × 1022 cm−3, whereas the shells seem more dielectric. The cyclic voltammetry and galvanostatic

charge–discharge measurements featured characteristic reversible redox reactions, intensive electron

transport, intercalation pseudocapacitive behavior, competitive charge-storage performance, and good rate

capability of the rod's cores, which means the potential for nano-energy applications.
1. Introduction

Molybdenum oxides (MoOx) form a large group ofmaterials based
on the ability of molybdenum to possess various crystal
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(ESI) available: Anodizing curves, SEM
lculations, additional electrochemical
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structures, oxidation states, and local coordinations1,2 giving rise
to mixed-valency oxides. This incredible diversity results in
a variety of electronic properties of MoOx.3 The stoichiometric
anhydrous MoO3 polymorphs (a-, b- and 3-phases) are nearly
insulators. The almost stoichiometric MoO3−d (with d < 0.03),
which retains the orthorhombic symmetry of a-MoO3, the defec-
tive MoO3−d (with 0.03 < d < 0.11), and the Magnéli phases are n-
type semiconductors. The lower-valency cubic MoO2, Mo2O, and
Mo3O exhibit excellent metallic conductance.3 The distinct lattice
systems, valence states, and electronic properties of molybdenum
oxides make their unique and highly diverse functionalities
attractive for a wide range of energy conversion, energy storage,
electro-optical, and electronic applications.3–10 Nanoscale geome-
tries have proved to be highly advantageous for further enhancing
MoOx functional properties due to enlarging the specic surface
area and shortening charge carrier and ion diffusion pathways.
The synthesis approaches involve gas-phase, solution-phase,
thermal oxidation, and miscellaneous methods.3 Although many
J. Mater. Chem. A, 2025, 13, 19605–19622 | 19605
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works have dealt with MoOx-based nanodots, wires, tubes,
owers, platelets, spheres, or belts chaotically dispersed in solu-
tion or segregated on a substrate,11 the formation of ordered and
preferably self-assembled arrays of MoOx nanostructures in
geometries and arrangements beyond the reported ones, spatially
separated and vertically aligned on substrates exhibits signicant
challenges, which arise because such protruding and ordered
morphologies require precise control of the formation conditions,
size, architecture, and position on the wafer scale. To date, such
arrays have not been accomplished by either of the reported
methods.1,4 It is highly anticipated that the distinct separation and
localization of charge carriers in arrays of well-dened, not
agglomerating MoOx nanocolumns, pillars, or rods will bring an
effective synergy between the enlarged surface-to-volume ratio,
enhanced surface reactivity, variable crystallinity, and electron
conductivity of individual nanostructures in the arrays, whichmay
be the missing building blocks for emerging on-chip electronic
and nano-energy applications.3,10,12

To ll the gap, we propose an alternative solution-based
approach to synthesize multi-dimensional MoOx nanostructures
highly ordered and vertically aligned on a substrate via smart
anodizing of aluminum-on-molybdenum (Al/Mo) thin metal
layers. The approach involves the growth of a porous anodic
alumina (PAA) lm immediately followed by anodizing the
underlyingMo layer (hereaer ‘PAA-assisted anodizing’),13,14 all the
electrochemical events occurring fully self-supportedly. The
fundamental possibility of PAA-assisted anodizing was predicted
theoretically and rst justied experimentally by some of the
present authors for Ti,15 Ta,16 and Nb.13 Even though PAA-assisted
nanostructures have recently been synthesized on several more
valve metals,17–21 there have been no reports on the PAA-assisted
anodizing of Mo. The key challenge for preparing MoOx by elec-
trochemical techniques is the oxide's instability and the formation
of highly soluble complexes with a wide range of anions.22,23 This
feature, complemented by oxide crystallization,24 transpassivity,25

suboxide formation tendency,26 slow cation migration rate,27 and
an induction period revealed in anodic oxidation of Mo28 makes
direct PAA-assisted growth on Mo extremely challenging.

It is assumed that the equilibrium between oxide formation
and dissolution may be controlled by mixing molybdenum
oxide with some other metal oxides during anodic-oxide growth.
As an option, Al2O3–MoOx compounds might form due to the
interaction of MoOx with the alumina barrier layer and PAA cell
walls through the PAA-assisted anodizing of molybdenum.
Moreover, binary strong-interacting nanostructured oxides
could grow during the PAA-assisted anodizing of molybdenum
laminated with a layer of a different valve metal forming
miscible components. Depending on the relative migration rate
of Mon+ ions in themixture, even aminor addition of the second
metal oxide might stabilize the composite.29

In the present work, we introduced a few-nm-thick interlayer of
Nb between the Al and Mo layers, which were sputter-deposited
onto a Si wafer. Such formed Al/Nb/Mo multilayer was anodized
in several organic and inorganic acid electrolytes to tailor the
balance between metal oxidation, oxide mixing, and oxide disso-
lution. Post-anodizing heat treatment was further employed to
affect the composition, stoichiometry, and structure of the MoOx-
19606 | J. Mater. Chem. A, 2025, 13, 19605–19622
based mixed oxides. The new nanoarrays were examined using
high-resolution scanning electron microscopy, advanced surface
and structure analysis techniques, and electrochemical
measurements. A model of the PAA-assisted oxide growth was
proposed, linking ionic transport and interfacial phenomena in
the lms to the electrical and electrolytic formation conditions.
The applicability of the arrays as 3D nanoelectrodes for on-chip
supercapacitors was explored and discussed.
2. Experimental
2.1. Sample preparation

The precursor Al/Nb/Mo thin-lm layers were prepared on
thermally oxidized Si wafers by the magnetron sputter-
deposition of a 170 nm thick Mo layer followed by a thin Nb
layer and an 800 nm thick Al layer on top using Mo (99.95%), Nb
(99.95%), and Al (99.9995%) targets (Kurt J. Lesker Company
GmbH), respectively. The wafers with the deposited lms were
cut into ca. 1.5 cm × 1.5 cm pieces, which were anodized in
a cylindrical top-open two-electrode electrolytic cell made of
polytetrauoroethylene, which secured the anodized area as
a circle of 7.0 mm in diameter (0.4 cm2). Further technical
details of the anodizing setup are described elsewhere.30

Typically, the anodizing approach involved processing the Al
overlayer in an aqueous acid solution to convert it into a PAA
lm, which was followed by the PAA-assisted re-anodizing of the
Nb/Mo underlayers to a substantially higher voltage to achieve
the growth of molybdenum and niobium anodic oxides within
the PAA pores. Oxalic (H2C2O4), sulphuric (H2SO4), phosphoric
(H3PO4), and more exotic malonic [CH2(COOH)2],31 tartaric
[(CH(OH)(COOH))2],32 and etidronic [CH3C(OH)(PO3H2)2]33 acid
solutions were probed as the anodizing electrolytes. The PAA
layer formation was carried out galvanostatically at steady-state
anodizing voltages ranging from 25 to 200 V, depending on the
electrolyte. Selected samples were re-anodized to voltages rela-
tively higher than the steady-state values established during the
PAA growth in 0.5 M H3BO3 and 0.05 M Na7B4O7, pH 7.5
(hereaer, ‘borate buffer’). Finally, the PAA overlayers were
dissolved in a chemical solution prepared and used as
described elsewhere (hereaer, ‘selective etchant’),34,35 rinsed in
ultrapure water, and dried in a cool nitrogen stream.

Following re-anodizing, selected samples were annealed at
550 °C for 3 hours either in ambient air at atmospheric pressure
(hereaer ‘air-annealed’ samples) or at a residual pressure of
10−5 Pa (hereaer ‘vacuum-annealed’ samples).
2.2. Analysis and measurements

Scanning electron microscopy (SEM) observation of surfaces
and cross-sections of the anodic lms before and aer the PAA
dissolution was performed in a TESCAN MIRA II eld-emission
instrument operated at 15 or 30 kV accelerating voltage and in
an FEI Verios 460L SEM operating in immersion mode at 15 kV
accelerating voltage and 0.8 nA probe current. No conducting
layers were deposited over the sample surfaces before observa-
tion. For statistical analysis, the surface SEM images were
analyzed using ImageJ soware.
This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Voltage–time and current–time responses during: (a) the
anodizing in 0.6 M H2C2O4 (stage I) followed by re-anodizing in 0.5 M
H3BO3 and 0.05 M Na7B4O7 (borate buffer) (stage II) of Al(800 nm)/
Nb(25 nm)/Mo(170 nm) metal layers; (b) the anodizing in 0.2 M H2SO4

(stage I) followed by re-anodizing in the borate buffer (stage II) of
Al(800 nm)/Nb(15 nm)/Mo(170 nm) metal layers for forming two
characteristic types of nanoarrays differing in sizes and geometries, as
suggested in the embedded schematics. The samples are coded
according to the anodizing acid and steady-state anodizing voltage,
Ust, at stages I (OX48 and SU26) and the final re-anodizing voltage, Ur,
at stages II (OX48-150 and SU26-105).
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X-ray photoelectron spectroscopy (XPS) analysis was con-
ducted in a Kratos Axis Ultra DLD spectrometer and a Kratos
Axis Supra spectrometer using a monochromatic Al Ka source
with an X-ray emission power of 75 or 150 W and typical oper-
ating pressures less than 1.3 × 10−9 mbar. The X-ray beam was
focused to a 300 mm × 700 mm spot. The emitted electrons were
detected at xed pass energies of 160 eV for the survey spectra
and 20 eV for the high-resolution spectra. The Kratos charge
neutralizer system was used for all measurements. The soware
for spectra analysis was CasaXPS version 2.3.17. GL(30) proles
were used for all components except the metallic core lines of
Nb 3d, for which asymmetric proles LA(1.2, 3.3, 12) were
applied. All spectra have been charge-corrected to give the
adventitious C 1s spectral component (C–C, C–H) binding
energy of 284.8 eV. The quantitative analysis was performed
from the high-resolution spectra using the relative sensitivity
factors from CasaXPS suitable for Kratos Axis spectrometers,
referenced to F 1s. Further details are described elsewhere.13,36,37

X-ray diffraction (XRD) patterns of the as-formed and
annealed anodic lms were taken from a Bruker-AXS D8-
Discover diffractometer operated at 40 kV and 40 mA to
generate CuKa radiation. An X-ray collimator of a 500 mm
system was used. The VÅNTEC-500 detector (silicon strip tech-
nology, active area of 30 cm × 30 cm, frame size of 2048 pixels
× 2048 pixels) was placed at a 15 cm distance from the sample.
Sixteen frames were collected in reection mode covering 20–
90° 2q with a step size of 0.8° to obtain a conventional 2D dif-
fractogram suitable for Rietveld analysis.38 The exposure time
was 300 s per frame, and it was g-integrated to generate the 2q
vs. intensity diffractogram. The experimental diffractograms
were tted with the crystal structure39 for the phases identied
using TOPAS 6.0 soware (Bruker AXS GmbH, 2017).40

Electrochemical impedance spectroscopy (EIS), cyclic vol-
tammetry (CV), and galvanostatic charge–discharge (GCD)
measurements were carried out in the borate buffer at 22 °C
using an Autolab PGSTAT204 Potentiostat/Galvanostat with
a FRA32M module (Metrohm). A cylindrical PTFE cell secured
the measured area of 0.25 cm2 for all electrochemical
measurements. A three-electrode setup comprising the sample
as the working electrode, an Au plate as the counter electrode,
and an Ag/AgCl (1 M KCl) as the reference electrode was used in
all measurements. The CV was typically performed between
−1.9 and −0.1 V vs. Ag/AgCl with a scan rate of 50 mV s−1

starting from the open-circuit potential (OCP) of around −0.3 V
vs. Ag/AgCl in the anodic direction to −0.1 V vs. Ag/AgCl, fol-
lowed by one cathodic and one anodic sweeps. Experimental
details of GCD, EIS, andMott–Schottky measurements are given
in the ESI.† Unless stated otherwise, all area-related physical
quantities were related to the apparent surface area exposed to
anodization or electrochemical measurements.

3. Results and discussion
3.1. Formation, characterization, and modeling

3.1.1. Anodizing behavior. As an example, Fig. 1a shows the
recorded voltage–time and current–time responses during the
anodizing of an Al(800 nm)/Nb(25 nm)/Mo(170 nm) trilayer in
This journal is © The Royal Society of Chemistry 2025
0.6 M oxalic acid at a constant-current density of 21 mA cm−2,
resulting in a steady-state PAA formation voltage Ust = 48 V,
followed by 1 min potential hold aer the anodizing front rea-
ches the Al/Nb interface (stage I). The anodizing voltage–time
curve seems typical for PAA growth in oxalic acid electrolytes at
moderate current densities without abnormalities.41–44 Despite
the small thickness of the aluminum layer, steady-state PAA
growth is attained. This underlines the quality of the aluminum
layer prepared via the magnetron sputter deposition. Once the
anodizing front reaches the Nb underlayer, the voltage begins to
increase, and the process is automatically switched to poten-
tiostatic mode.16 The beginning of voltage rise indicates the
start of local anodic oxidation of the Nb/Mo bilayer, which is
associated with the formation of niobium oxide and its pene-
tration into the PAA barrier layer. Analysis of the current decay
during the potential hold does not reveal any signicant devi-
ations from the usual current–time behavior during the PAA-
assisted anodizing of valve metals, specically Nb, previously
reported.13,16 Nevertheless, the dot-like oxidation of the Mo
underlayer may begin before the end of stage I.
J. Mater. Chem. A, 2025, 13, 19605–19622 | 19607
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The PAA-assisted re-anodizing is carried out following
a break to rinse and dry the pores aer the anodizing. It is
performed in the borate buffer galvanostatically under a low
current density of 0.8 mA cm−2 until the re-anodizing voltage,
Ur, reaches the set value (150 V), followed by a potential hold
over 60 s (stage II). One may see that the voltage rise begins to
retard at about 120 V. With reference to early works on compact
anodizing of thin-lm multilayers,45,46 it is assumed that the Nb
interlayer is nearly fully transformed into anodic oxide and
further anodizing consumes merely the Mo underlayer. The
behavior appeared typical for all samples anodized in the oxalic
acid and re-anodized up to the maximum voltage of 306 V (as
shown in Fig. S1a and b†), at which dielectric breakdown
interrupts the normal lm growth. The Al(800 nm)/Nb(25 nm)/
Mo(170 nm) trilayer anodized in the oxalic acid at Ust = 48 V to
the end of stage I will be coded OX48; the same samples re-
anodized to Ur = 150 V till the end of stage II will be coded
OX48-150. The digit aer the dash will change accordingly if the
sample was re-anodized to a different nal Ur value.

Fig. 1b shows an example of the voltage–time and current–
time responses of the Al(800 nm)/Nb(15 nm)/Mo(170 nm) tri-
layer during galvanostatic anodizing in 0.2 M H2SO4 at 8.0 mA
cm−2 followed by galvanostatic re-anodizing in the borate buffer
Fig. 2 Surface, cross-sectional, and 3D SEM views of nanostructured ano
nm) metal layers in 0.6 M oxalic acid at Ust = 48 V (coded as OX48, Fig.
(coded as OX48-180, as in Fig. 1a). The images in (d, f, g and h) were recor
etchant35 (PAA-free samples).

19608 | J. Mater. Chem. A, 2025, 13, 19605–19622
at 0.8 mA cm−2 up to 105 V, both processes nishing with short
potential holds. The anodizing responses show that the steady-
state pore growth is established at 26 V, as one may expect for
mild aluminum anodizing in 0.2 M H2SO4 at a low current
density without initiating any specic effects.47 The re-
anodizing voltage–time curve changes its slope at about 80 V,
generally exhibiting the same tendency as in Fig. 1a. The lower
voltage at which the slope changes is explained by the thinner
Nb interlayer (15 vs. 25 nm). The Al(800 nm)/Nb(15 nm)/Mo(170
nm) trilayer anodized in the sulphuric acid at Ust = 26 V to the
end of stage I will be coded SU26; the same samples re-anodized
to Ur = 105 V till the end of stage II will be coded SU26-105. The
schematics in Fig. 1 suggest preliminary views of the lm
structures expected at the end of the corresponding stages,
which will later be updated based on SEM observations.

3.1.2. SEM observation. Fig. 2a–d shows SEM images of
fragments of the OX48 sample before and aer the PAA disso-
lution. The PAA surface is microscopically smooth, populated
with regularly dispersed tiny depressions, which are pore
outlets. An array of nanosized goblet-like nanostructures
penetrating the PAA barrier layer is observed in the cross-
section in Fig. 2c. Fig. 2d shows a 3D view of what remains on
the substrate aer the PAA dissolution. The goblets grow above
dic filmsmade by (a–d) the anodizing of Al(800 nm)/Nb(25 nm)/Mo(170
1a) followed by (e–h) the re-anodizing in borate buffer to Ur = 180 V
ded after dissolving the porous anodic alumina (PAA) layer in a selective

This journal is © The Royal Society of Chemistry 2025
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the former Al/Nb interface while their plates are embedded in
the metal below the mentioned interface (hereaer the ‘bottom
layer’), marked with the dashed lines in the inset of Fig. 2c. The
denition of the bottom layer is described in detail
elsewhere.48,49

The lower panel of Fig. 2 shows cross-sections and surfaces
of the OX48-180 sample before and aer the PAA dissolution. To
an extent, the re-anodizing procedure lengthens the oxide
protrusions inside the pores. An array of rod-like nano-
structures rising to about 405 nm above the lm surface,
spatially separated and vertically aligned on the substrate, is
derived aer the PAA dissolution (Fig. 2f). As seen in Fig. 2f, the
goblets' roots widen, and the bottom-oxide parts further expand
into the underlying molybdenum metal, invading more space
and forming nanoballs touching each other such that the balls
form a continuous layer, 100 nm thick, buffering the protruding
parts from the remaining Mo metal. In both samples (Fig. 2d
and f–h), the measured population density of the protrusions is
8× 109 cm−2, which corresponds well to the theoretical number
of pores in the PAA overlayer. From the statistical analysis of the
surface images of samples re-anodized to various voltages up to
220 V, the mean diameter of the rods is 50 nm regardless of the
Ur-value, which is 1.7 times the average pore size in the PAA lm
(29 nm).

The denition and shis of the principle interfaces in the
OX48 and OX48-180 samples are elaborated in the cross-
sectional SEM images in Fig. S2.† The development of the
oxide nanorods and their bottom layers with increasing Ur is
demonstrated in Fig. S3† with the help of frontal SEM views of
the OX48-based samples re-anodized to various Ur ranging from
150 to 220 V. The lines drawn over the images indicate the
Fig. 3 Surface and cross-sectional SEM views of nanostructured anodic fi
metal layers in 0.2 M sulphuric acid at Ust = 26 V followed by the re-an
anodizing of Al(800 nm)/Nb(25 nm)/Mo(170 nm) metal layers in 0.2 M ph
shown in Fig. S1c.† The images in (b, c, e and f) were recorded after diss
unlabelled scale bars are 200 nm.

This journal is © The Royal Society of Chemistry 2025
depths of the bottom layers and the rods' lengths within the
pores. The SEM observations and measurements for the OX48-
based samples shown in Fig. 2 and S2, S3,† complemented by
the XPS and XRD data analyses, create the basis for under-
standing the ionic transport and mechanism of oxide growth,
which will be discussed in Section 3.1.5.

Several other organic and inorganic acid electrolytes,
commonly or rarely used for PAA formation, have also been
tried in this work, with the best results achieved to date in 0.2 M
H2SO4 and 0.2 M H3PO4 aqueous solutions. Fig. 3 shows
selected SEM images of cross fractures and surfaces before and
aer PAA dissolution of the Al/Nb/Mo multilayers anodized/re-
anodized in 0.2 M sulphuric acid/borate buffer (sample SU26-
105) and 0.2 M phosphoric acid at Ust = 150 V following the
anodizing approach described in our previous works
(Fig. S1c†).17,50 In the case of sulphuric-acid anodizing, the
thickness of the Nb interlayer was 15 nm to involve molyb-
denum in the oxidation process more substantially. From SEM
observation of the SU26-105 sample (Fig. 3a–c), the PAA-assisted
anodizing generates arrays of tiny rod-like nanostructures of the
highest population density of 3 × 1010 cm−2, about 20 nm wide,
220 nm long, and supported by an array of semispherical
bottom-oxide regions in the remaining Mo metal layer. Alter-
natively, the goblet-like protrusions generated via the PAA-
assisted anodizing/re-anodizing in the phosphoric acid
(Fig. 3d–f) appear proportionally bigger, exhibiting the lowest
population density of 7 × 108 cm−2. The mean center-to-center
distance of 400 nm measured in this sample is the longest
achieved by the approach developed in this work.

Based on the SEM examination of various samples, we
selected the nanoarrays synthesized in the oxalic acid (the
lmsmade by (a–c) the anodizing of Al(800 nm)/Nb(15 nm)/Mo(170 nm)
odizing in the borate buffer to Ur = 105 V, as in Fig. 1b, and (d–f) the
osphoric acid at Ust = 150 V followed by re-anodizing to Ur = 160 V, as
olving the PAA layers in the selective etchant (PAA-free samples). The
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OX48-based lms) as model systems for carrying out chemical
and structural analyses and investigating the cooperative ionic
transport during the PAA-assisted oxide growth on the super-
imposed Nb and Mo thin lm layers.

3.1.3. Chemical composition. The chemical composition
and bonding states in the surface layer of the as-anodized OX48,
as-reanodized OX48-220, and air- and vacuum-annealed OX48-
220 nanostructured lms derived aer or before the PAA
dissolution were investigated by XPS (Fig. 4 and 5). C, O, Nb,
Mo, Al, P, and Cr were identied in all samples' survey spectra. P
and Cr were adsorbed from the selective etching. Hereaer, the
samples from which the PAA layer was fully dissolved away
before XPS analysis will be referred to as ‘PAA-free’. In the case
of a partial PAA dissolution to expose the oxide protrusions
while keeping the bottom layer covered with the remaining PAA
layer (as depicted in the ESI†), the samples will be distinguished
as ‘PAA-half-etched’ lms. In contrast, the as-prepared anodized
Fig. 4 Experimental and curve-fitted narrow-scan (left column) Mo 3d
OX48-220, (g–i) air-annealed OX48-220, and (j–l) vacuum-annealed O
defined in Fig. 1 and 2. The PAA layers were dissolved in the selective etc
summarized in Table S1.†

19610 | J. Mater. Chem. A, 2025, 13, 19605–19622
and re-anodized samples will be mentioned as ‘PAA-inbuilt’
lms.

Narrow-scan C 1s, O 1s, Mo 3d, Nb 3d, and Al 2p spectra were
collected to analyze the elements' core levels and bonding
states. The experimental and tted Mo 3d, Nb 3d, and Al 2p
spectra of selected OX48-220-based lms are shown in Fig. 4
and 5. Spectra of the other samples are presented in the ESI†
(PAA-free OX48-180, PAA-free OX48-15 nm Nb-based, and PAA-
half-etched OX48-220-based lms, Fig. S5 and S6†), including
the details of deconvoluting the Mo 3d spectra, also considering
the Nb 3d loss peaks partially overlapping with the Mo 3d
transitions (Fig. S4†).

The analysis of Mo 3d spectra of all the OX48-based lms
(le columns in Fig. 4 and S5, S6†) was complicated by
a substantial contribution of Nb 3d loss peaks partially over-
lapping with the Mo 3d transitions because the Mo : Nb ratio
was relatively low (<25 at% Mo, provided that at%(Nb + Mo) =
, (middle) Nb 3d, and (right) Al 2p XP spectra of the (a–c) OX48, (d–f)
X48-220 samples. The sample codes and formation conditions are
hant before the XPS analysis. The peak positions, FWHMs, and at% are

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) Schematics and (b and c) experimental and curve-fitted narrow-scan (b) Mo 3d and (c) Al 2p XP spectra of the vacuum-annealed PAA-
inbuilt OX48-220 sample.

Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 3

/2
/2

02
6 

2:
33

:0
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
100 at%). The detailed procedure of adding Nb 3d loss peaks
while maintaining a constant Nb-3d-loss-to-Nb-3d ratio of 0.175
± 0.02 is described in the ESI.† The Mo 3d transitions are tted
with 3d5/2–3d3/2 doublets with a constrained spin–orbit splitting
of 3.13 eV, xed intensity ratio 3d5/2 : 3d3/2 of 3 : 2, and a full
width at half maximum (FWHM) equal for 3d5/2 and 3d3/2
components.

Up to four Mo 3d doublets reproduce each spectrum, with
Mo 3d5/2 at 232.4 ± 0.2, 231.0 ± 0.2, 229.6 ± 0.2, and 234.3 ±

0.2 eV, with variable individual contributions to each spectrum.
Based on the literature reports,51–53 we assign the doublet at
232.4 eV (Mo 3d5/2) to Mo6+ cations in MoO3. The lowest-
binding-energy (BE) doublet at 229.6 eV (Mo 3d5/2) is assigned
to Mo4+ cations in MoO2. The highest-BE doublet at 234.3 eV
(Mo 3d5/2), identied in the spectra of the as-prepared lms, is
associated with Mo6+–OH(H2O) coordination. Last, the doublet
at 231.0 eV (Mo 3d5/2) may be assigned to Mo5+ cations in
Mo2O5. The various oxides are assumed to be mixed at the
molecular level, which may be expressed as
MoVIy1MoVy2MoIVy3Ox1(OH)x2 and vary in the different parts of the
anodic lms, such as the rods and the bottom oxide.

The dissimilarities in the recorded Mo 3d spectra of the PAA-
free lms reect the differences in the content of the individual
Mon+ species. Three characteristic types of MoOx (marked in
Fig. 4d, g and j) can be distinguished: type I – ‘highly reduced’
MoOx, which comprises a dominating amount of Mo4+ cations,
is characteristic of the re-anodized as-prepared lms (Fig. 4d,
le column in Fig. S5†). Type II – ‘moderately reduced’ MoOx,
which comprises Mo6+, Mo5+, and Mo4+ cations in comparable
concentrations, is associated with the air-annealed lm
(Fig. 4g). Type III – ‘slightly reduced’ MoOx, which contains
a dominating amount of Mo6+ cations, is linked to the vacuum-
annealed lm (Fig. 4j and 5b). The average values of oxidation
state for Mo ions in the oxide types are 4.73 ± 0.1 (type I, six
samples), 4.98 ± 0.1 (type II, four samples), and 5.40 ± 0.1 (type
III, six samples), beside the vacuum-annealed PAA-inbuilt lm,
which revealed the presence of almost pure MoO3 (Fig. 5b).

The Mo 3d pattern of the PAA-free OX48 sample (Fig. 4a)
cannot be analyzed precisely because of a low Mo content (4.2
at%, providing that at%(Nb + Mo) = 100%, calculated aer
subtracting the metallic contributions from the Nb 3d
This journal is © The Royal Society of Chemistry 2025
spectrum, as will be shown later). The PAA-free OX48-220
sample, which is a reference for comparison with the other
samples, comprises type I MoOx (Fig. 4d). Re-anodizing to
a relatively low Ur= 180 V (OX48-180) or employing a thinner (15
nm) Nb interlayer in the Al/Nb/Mo trilayer (coded as OX48-220-
15 nm Nb) does not alter the MoOx pattern (le column in
Fig. S5†). However, when the half-etched PAA covers the roots of
the OX48-220 nanorods and the bottom oxide, type II MoOx is
revealed (Fig. S6a†). Since the bottom oxide is unreachable for
the XPS analysis in the PAA-half-etched sample and only the
rods emit photoelectrons, the nanorods' outer layer is assumed
to be more oxidized than the bottom oxide. Moreover, all re-
anodized OX48-based samples contain 5–10% of hydroxylated
MoO3, which may be expressed as MoO3−x(OH)2x.

The quantitative analysis shows that Mo content in the four
various re-anodized PAA-free OX48-based lms (see Table 1 and
le column of Fig. S5†) ranges between 11.5 and 15.5 at%
(provided that at%(Nb + Mo) = 100%). It increases slightly with
increasing re-anodizing voltage or thinning Nb interlayer. The
PAA-half-etched OX48-220 surface reveals a substantially higher
Mo content of 19.3 at%, assuming compositional differences in
the various lm parts, with more molybdenum oxide in the
rods' surface than in the bottom oxide.

Comparative analysis of Mo 3d spectra of the PAA-free air-
and vacuum-annealed OX48-220 lms (Fig. 4g, j and Table 1)
assumes that MoOx is more oxidized in the annealed lms (type
II and III) than in the as-prepared lm (Fig. 4d, type I).
Furthermore, the highest degree of MoOx oxidation (type III) is
noted in the vacuum-annealed sample. The two annealed lms
also show higher Mo content than the as-prepared sample. The
air-annealed PAA-half-etched sample (Fig. S6g†), where only the
rods are PAA-free, not the bottom layer, reveals relatively more
oxidized MoOx and a higher overall Mo content compared with
its PAA-free counterpart (Fig. 4g). Furthermore, the air and
vacuum-annealed lms do not contain MoO3−x(OH)2x.

The most stunning effect is noted in the vacuum-annealed
PAA-inbuilt sample, in which only the rods' tops and the PAA
surface emitted photoelectrons, as shown in Fig. 5a. Here, 100
at% Mo is associated with slightly reduced and hydrated MoO3,
assuming that the entire inner oxide composing the rods is
MoOx with no additions of Nb2O5. The inner oxide comprises
J. Mater. Chem. A, 2025, 13, 19605–19622 | 19611
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a small amount of MoO3−x(OH)2x, which cannot be detected
when the whole surface of the PAA-free lms is exposed to the
analysis.

The location of various types of MoOx and the differences in
the overall Mo content (when at%(Nb + Mo) = 100%) over the
various parts of the OX48-220 samples (as-prepared, air-
annealed, and vacuum-annealed) are depicted in Fig. 6.

To summarize the Mo 3d peak analysis, the surface of the
oxide nanorods comprises relatively more oxidized MoOx (type
II or III, about 20 at% Mo), whereas the bottom-oxide's surface
contains less-oxidized MoOx, most likely MoO2 (about 5 at%
Mo), and is enriched with Nb2O5. The oxide composing the
nanoballs of the bottom layer (Fig. 6) contains no niobium oxide
but reduced MoOx, likely MoO2. The interior of the rods is
slightly reduced MoO3 mixed with a minor amount of
MoO3−x(OH)2x without any addition of Nb2O5.

The Nb 3d spectra of all OX48-based lms (middle columns
in Fig. 4 and S5, S6†) are tted with Nb 3d5/2-3d3/2 doublets with
a constrained spin–orbit splitting of 2.75 eV, xed intensity ratio
3d5/2 : 3d3/2 of 3 : 2, and a FWHM equal for the 3d5/2 and 3d3/2
components. All the spectra contain a dominant doublet with
Nb 3d5/2 component at 207.18 ± 0.15 eV, associated with Nb5+

cations in Nb2O5.13,36,49 For most of the lms, several low-
intensity doublets are added with Nb 3d5/2 at 205.54 ± 0.15,
204.25 ± 0.2, 202.2 ± 0.3, and 208.03 ± 0.1 eV, which are
assigned to Nb4+, Nb3+, Nb0, and Nb5+–OH/H2O coordinations,
respectively.13,36,49 Thus, the surface of the PAA-free OX48 lm
(Fig. 4b) contains a dominating amount of Nb2O5 mixed at the
molecular level with a minor amount (5%) of Nb4+- and Nb3+-
based suboxides, while some metallic residues remain between
the bases of the nanoprotrusions (Nb0 and Nb2+ cations, ∼20%
of all Nb species in the spectrum). Notably, the metallic Mo0

peak is not present in the corresponding Mo 3d spectrum
(Fig. 4a) because the unoxidized Mo is buried under the resi-
dues of the 25 nm thick Nb network. The four PAA-free OX48-
based lms, made by re-anodizing the Al/Nb(25 nm)/Mo or Al/
Nb(15 nm)/Mo trilayers to 180 or 220 V (Fig. 4e, middle
column in Fig. S5†), also contain Nb2O5 mixed with a low
amount of suboxides (2–5%, a summary is available in Table 1).
A minor amount of metallic niobium (0.5–7%), further
decreasing with increasing re-anodizing voltage, is noted. A
substantial change is observed for the PAA-half-etched OX48-
220 lm (Fig. S6b†), where the rods emit photoelectrons but
not the bottom oxide. This surface features the presence of
stoichiometric Nb2O5 and the absence of metallic residues. This
means that the Nb suboxides detected in the PAA-free lms
reside in the bottom-oxide layer, not in the rods, and the
remaining PAA layer masks the metallic residues.

The PAA-free air- and vacuum-annealed OX48-220 samples
(Fig. 4h and k), similarly to their as-prepared counterpart
(Fig. 4e), contain a dominating amount of Nb2O5 mixed with
NbO2 and Nb2O3 (<2 at%). There are no metallic Nb0 peaks in
the spectra. Considerable amounts of hydroxylated Nb2O5 are
present in the annealed lms, with Nb5+–OH/H2O coordination
of ∼7%, which can be expressed as Nb2O5−x(OH)2x. Therefore,
the two annealed surfaces becomemore oxidized. Paradoxically,
the vacuum-annealed surface appears more oxidized than the
This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Schematic cross-sectional views visualizing the XPS and XRD results for the (a) as-prepared (as in Fig. 1 and 2), (b) air-annealed (550 °C, 3 h,
atmospheric pressure), and (c) vacuum-annealed (550 °C, 3 h, 10−5 Pa) OX48-220 samples.
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air-annealed one, which agrees with the trend observed for the
MoOx. When the half-etched PAA covers the bottom oxide in the
air-annealed lm, the Nb 3d spectrum (Fig. S6h†) has no sub-
oxide peaks, meaning that the suboxides reside in the bottom
oxide, not in the rods, similar to the as-prepared sample.
However, the Nb5+–OH/H2O coordination (6%) is identied in
the Nb 3d spectrum of the air-annealed PAA-half-etched sample
in a larger amount than in the PAA-free sample (4%). This
implies that the rods' surface accommodates hydroxylated
Nb2O5, not the bottom oxide.

The Al 2p spectra of the OX48-based samples (right columns
in Fig. 4 and S5, S6†) are relatively simple and are all tted with
up to three symmetrical peaks associated with Al2O3 (74.63 ±

0.3 eV, dominating amount), Al0 (72.08 ± 0.05 eV), and Al3+–OH
(76.00 ± 0.15 eV). The surface layer of the PAA-free OX48
(Fig. 4c) contains ∼30 at% Al0, in addition to Al2O3. The pres-
ence of metallic Al is due to the network of non-anodized
aluminum around the oxide nanoprotrusions. The Nb0

doublet in the corresponding Nb 3d spectrum has the same
origin (Fig. 4b). The metallic contributions to the Nb 3d and Al
2p spectra were subtracted from the overall content of the
elements to obtain an approximate surface concentration of
Al3+ in the anodic parts of the lm. The corresponding native
alumina, covering the Al0 network, was also considered and
subtracted.54 Provided that at%(Al + Nb + Mo) = 100%, the
surface of the oxide nanorods in the anodized sample contains
24 at% Al (Al3+).

The Al 2p spectra of the four PAA-free as-reanodized OX48-
based lms (Fig. 4f, right column in Fig. S5†) contain the
three peaks associated with a dominating amount of Al2O3 and
minor amounts of Al3+–OH coordination (10–15 at%) and Al0

(1–5 at%). The contribution of Al0 decreases with increasing re-
anodizing voltage from 180 to 220 V. The amount of Al in the
surface layer of the PAA-free as-reanodized lms is 50–55 at%
(when at%(Al + Nb + Mo) = 100%). This nding agrees with
This journal is © The Royal Society of Chemistry 2025
previous reports on several PAA-assisted nanostructures (N-
doped TiO2,55 Se-doped Nb2O5,49 and Se-doped ZrO2)35 con-
taining 50 to 80 at% Al in the form of Al2O3.

The PAA-half-etched OX48-220 sample (Fig. S6c†) ontains
Al2O3 only. The Al0 peak is absent in the spectrum since the
underetched PAA covers the aluminum residues. The absence of
Al3+–OH coordination implies that the hydroxylated Al2O3

resides in the rods' roots. The deep-laid bottom oxide is
supposed to be alumina-free because it forms merely by the
inward migration of O2− anions.

The Al 2p spectra of the PAA-free annealed OX48-220 lms
(Fig. 4i and l) also contain the Al3+–OH peak (∼13 at%), while its
presence in the vacuum-annealed sample spectrum is uncer-
tain. The air-annealed lm contains Al0 residues in the same
amount as the corresponding as-reanodized lm, while the
vacuum-annealed lm is Al0-free. The amount of Al in the
surface layer of the PAA-free annealed lms is 40–60 at% (when
at%(Al + Nb + Mo) = 100%), which is similar to the as-prepared
lms. The PAA-half-etched air-annealed sample (Fig. S6i†) does
not have Al3+–OH coordination, which indicates that the
hydroxylated alumina resides in the rods' roots. On the other
hand, the Al 2p spectrum of the PAA-inbuilt vacuum-annealed
lm (Fig. 5c) has an intense peak attributed to the Al3+–OH
coordination (18 at%).

Summarizing the XPS analysis results, the surface layers of
the nanoarrays prepared in this study comprise stoichiometric
MoO3, molybdenum suboxides (Mo5+ and Mo4+), stoichiometric
Nb2O5, niobium suboxides (Nb4+ and Nb3+), and Al2O3,
distributed as depicted in Fig. 6 and mixed at the molecular
level. The inner part of the rods is a slightly reduced pure MoO3.
The overall surface content of Mo increases up to 23 at% with
increasing re-anodizing voltage, thinning the Nb interlayer, and
annealing the lms at 550 °C.

3.1.4. Crystallographic analysis. Fig. S7† shows 2D and
extracted conventional as-recorded, calculated, and difference
J. Mater. Chem. A, 2025, 13, 19605–19622 | 19613
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diffractograms of the OX48-based samples: as-prepared OX48,
OX48-180, and OX48-220 samples, vacuum-annealed OX48-220
and air-annealed OX48-220 samples in the 2q range of 20–90°.
The crystal structures for all phases were identied from the
ICSD database (FIZ, 2015); the main renement parameters,
details of the XRD line proles, and the results of quantitative
phase analysis are available in the ESI.† For visually estimating
the changes in the lm's crystal structure with re-anodizing and
annealing, the recorded diffractograms are collected in a single
plot in Fig. 7.

The diffractograms of all the samples are interpreted with
the presence of a polycrystalline metallic Mo phase (Im�3m space
group, crystallite size of 20 to 30 nm), which reveals a preferred
orientation growth along h110i direction and is associated with
a layer of unoxidized Mo. Since the intensities of the domi-
nating (110) Mo peaks in the diffractograms of the re-anodized,
vacuum-annealed, and air-annealed samples are comparable, it
is assumed that the thickness of the remainingMo underlayer is
not affected by the 550 °C annealing. This may be explained by
the thick anodic oxides above the Mo metal obstructing oxygen
diffusion under the chosen annealing conditions.

Another feature is that the anodized OX48 sample contains
Al and Nb metals. This agrees with the SEM and XPS results for
OX48. From the OX48-180 sample's diffractogram, it is assumed
that the Al metal is fully consumed while the residues of the Nb
metal network remain on the sample surface. Since (110) Nb
peak disappears from the diffractogram of the OX48-220
sample, the Nb metal becomes fully oxidized at Ur > 180 V.
The absence of any oxide phases in the as-anodized and re-
anodized samples conrms that the electrochemically grown
oxides are entirely amorphous.
Fig. 7 Comparative X-ray diffractograms for the (1) OX48, (2) OX48-
180, (3) OX48-220, (4) vacuum-annealed OX48-220, and (5) air-
annealed OX48-220 samples.

19614 | J. Mater. Chem. A, 2025, 13, 19605–19622
Contrarily, the annealed OX48-220 lms contain well-
identied nanocrystalline monoclinic MoO2 phase (P21/c
space group, crystallite size∼19 nm) in the amount of 24 wt% in
the vacuum-annealed sample and 33 wt% in the air-annealed
sample. Additionally, the air-annealed sample contains
∼5 wt% orthorhombic Nb2O5 nanocrystallites (Pbam space
group). The MoO2 nanocrystallites grow with a preferred
orientation along h21�2i direction whereas the Nb2O5 nano-
crystallites are highly oriented along h001i and h100i directions.
The Nb2O5 phase is also present in the vacuum-annealed
sample in a minor amount, which makes it difficult to esti-
mate the crystallite size reliably.

The more considerable total amount of crystalline oxides in
the air-annealed OX48-220 sample relative to the vacuum-
annealed sample (∼38 vs. ∼26 wt%) implies that a bigger
portion of initially amorphous anodic oxides crystallizes due to
the heating in air.

3.1.5. Film formation mechanism. Fig. 8 shows SEM
images of selected fragments of cross-fractures of the OX48-180
sample. Due to dissimilar materials in the stack and their
mechanical properties, the break divided the sample unevenly,
such that several essential features may be visually distin-
guished, which are not apparent in the images in Fig. 2 and 3.
This observation conrms the core/shell structure of the
protrusions above the bottom-oxide layer and its graded
composition. Combining the SEM, XPS, and XRD interpretation
results, visualized preliminary in the schematics of Fig. 6, we
propose a model of the nucleation and growth of PAA-assisted
MoOx-based nanostructures (Fig. 9).

According to the model, the sputter-deposited Al/Nb/Mo
trilayer on a SiO2/Si wafer (Fig. 9a) is anodized (Fig. 9b) until
the underlying Nb is reached (Fig. 9c). The nucleation and
growth of niobium-oxide nanostructures under the pores till the
end of stage I is described in detail in our previous publication
and may be inherited for the present case.13 The difference,
however, is that the thickness of the Nb interlayer is insufficient
to preserve the underlying Mo from anodic oxidation. In other
words, molybdenum anodizing starts already during the current
decay at stage I, and Mon+ cations begin to migrate outwards
Fig. 8 SEM images of fragments of cross-fractures of the OX48-180
sample disclosing a core/shell heterostructure of the oxide nanorods
and uneven composition of the bottom-oxide layer.

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Schematic model of film growth: (a) the deposition of an Al/Nb/Mo trilayer, (b) the porous anodizing of aluminum in 0.6 M oxalic acid at
Ust = 48 V, (c) the beginning of niobium oxidation, (d) the end of the anodizing stage I as in Fig. 1a, (e) the re-anodizing to 150 V to grow mixed-
oxide nanorods, (f and g) the re-anodizing to respectively 180 and 220 V to extend the rods in the pores, (h) the selective PAA dissolution. The
lower panel shows the surface fragments corresponding to the upper cross-sections after an imaginary dissolution of the PAA overlayer. The
dotted line across the surface fragments shows the position of the imaginary section plane. The colors differentiate the oxides and component
concentrations, as the legends show.
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once the anodizing front touches the Mo underlayer. Therefore,
the nanogoblets in Fig. 9d contain molybdenum oxides mixed
with niobium oxides and alumina originating from the PAA
barrier layer. The end of stage I features the residues of the Al/
Nb bilayer in the form of a continuous network surrounding the
goblets. Themechanism for forming such a network is based on
the relation between the ionic resistances of the anodic alumina
and niobia, as described in detail elsewhere.13,35

During the re-anodizing (stage II), the remaining Al/Nb
network is gradually consumed, while the Mo layer is further
oxidized and the rods grow steadily within the pores. The Al/Nb
consumption competes with further molybdenum oxidation
until neighboring molybdenum-oxide areas incorporated into
the metal expand and merge to form a relatively uniform
bottom layer, though having a wavy prole at the MoOx/Mo
interface even at the nal re-anodizing voltage of 220 V. The
shells of the rods form due to the simultaneous migration of
Mon+ (n = 4–6) and Nb5+ cations in the outer part of the pore
walls, which are more defective, less dense, and contaminated
by electrolyte-derived species, such as C2O4

2− in the case of
oxalic-acid anodizing.56 During the upward oxide growth, the
alumina partially dissolves from the outmost surface of the pore
walls.57 The degree of such dissolution impacts the amount of
alumina that becomes included in the shell composition and
remains aer the PAA dissolution. Thus, the shells of the rods
derived aer the PAA dissolution are composed of various
molybdenum oxides (Mo6+, Mo5+, Mo4+), stoichiometric Nb2O5,
and Al2O3, all mixed at the molecular level.

In contrast with the shells, the cores are pure molybdenum
oxide, which grows without mixing with niobium oxide and
This journal is © The Royal Society of Chemistry 2025
does not include alumina because it forms inside the pores
without interacting with the pore walls. The absence of niobium
oxide in the core composition is explained by the prevalent
migration of Nb5+ within the shells and by the shortage of
niobium supply from the 25 nm thick Nb interlayer (see also the
quantitative analysis presented in the ESI† le). Within the core,
MoO3 (dominating amount) is mixed at the molecular level with
minor amounts of oxide-hydroxide MoO3−x(OH)2x and molyb-
denum suboxide Mo2O5, which reminds the case of anodizing
an Al/W couple.17,58 The electronic properties of the cores/shells
heterostructures will be discussed in Section 3.2.

The thin oxide layer, shown as a pink strip (upper row of
Fig. 9) and pink circles (lower row of Fig. 9) covering the deep-
laying part of the bottom layer, is a reduced NbOx (domi-
nating amount) mixed with a minor amount of MoO2. The
innermost anodic oxide composing the semi-balls, balls, and
merging balls (Fig. 9) is pure molybdenum suboxide, likely
MoO2, free from niobium-oxide contamination. This is because
the oxide within the balls is formed exclusively via themigration
of O2− (OH−) from the electrolyte through the NbOx interlayer,
which resides above the Mo layer and has a physically sharp
interface.

The last formation step shown in panel (h) is the PAA
dissolution. It can be managed selectively toward the nanorods,
an excellent achievement of our work. The rods survive the
treatment because the multicomponent shell composition
prevents the molybdenum anodic oxides from chemical
dissolution.

3.1.6. Impact of annealing. Finally, let us consider the
effect of annealing. The heating of the PAA-inbuilt OX48-220
J. Mater. Chem. A, 2025, 13, 19605–19622 | 19615
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Fig. 10 (a) CV curves (scan rate 50 mV s−1) in the borate buffer
solution for the PAA-inbuilt OX48-180 sample. (b) Capacity values
calculated from the CV curves and from a comparable galvanostatic
charge–discharge (GCD) curve (shown in Fig. S12†), having similar
charging times of 36 and 60 s, respectively; the potential range was
−0.1 to−1.9 V vs. Ag/AgCl. The quantities were related to the apparent
(Aa) and effective (Ae) surface areas; Ae = 0.1 × Aa.
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sample at 550 °C leads to an amorphous-to-crystalline transi-
tion of the MoO2 and Nb2O5 most probably in the bottom oxide
only (as visualized in Fig. 6b and c), whereas the rods' cores and
shells remain amorphous. This conclusion is based on our
experience with the other PAA-assisted metal oxides48,55,59 and is
supported by a calculation using the XRD data (see ESI†).
Furthermore, the annealing in ambient air does not cause
thermal oxidation of the remaining Mo metal because it is
covered with a sufficiently thick layer of nanocomposite metal
oxides, which serves as a barrier for oxygen from the air to
diffuse through and reach the oxide/molybdenum-metal inter-
face. Along with the amorphous-to-crystalline transition, the
oxidation state of molybdenum ions in the Mo–O system
increases, which may be explained by oxygen uptake during the
interaction of molybdenum suboxides with oxygen in the air:

2MoO2 + O2 / 2MoO3 (1)

2Mo2O5 + O2 / 4MoO3 (2)

Along with similar crystallization effects, the paradoxical
increase in the amount of MoO3 in the rods' shell of the
vacuum-annealed OX48-220 lm (Fig. 4j), exceeding that in the
air-annealed lm (Fig. 4g), may be caused by irreversible heat-
enabled diffusion of niobium cations away from Nb2O5 in the
rods' shells, driven by a concentration gradient in the oxygen-
decient atmosphere (as depicted in Fig. 6c), i.e., at circum-
stances when oxygen uptake is impossible.22 Such a prevalent
disruption of Nb2O5 in the mixed niobium–molybdenum oxides
seems reasonable because the bond energy of O–Nb
(328 kJ mol−1)60 is lower than that of O–Mo (359 kJ mol−1).27 The
released oxygen anions oxidize the molybdenum suboxide(s),
thus increasing the oxidation state of MoOx in the shells. The
released Nb5+ cations likely diffuse into the cores, increasing
the Mo/Nb ratio in the shells (Fig. 6c). The lowering of Nb
(increasing of Mo) amount in the shells due to the vacuum
annealing agrees well with the XPS analysis results summarized
in Fig. 6c. Such an impact of vacuum annealing is unique since
it has not been reported for any nanostructured oxides made via
the PAA-assisted anodizing of valve metals.61

The vacuum annealing does not cause lattice expansion of
the Mo metal phase, which means the oxygen species do not
diffuse from the oxide into the interstitial sites of the remaining
Mo metal.22 It is thermodynamically possible that the oxide
within the nanoballs in the bottom layer reacts with the
substrate metal, causing the loss of oxygen from the deep-laying
MoO2.23 Even if this is also likely kinetically, the effect is too
minor to be detected by XRD and has no relation to the oxides
composing the cores and the shells.

3.2. Functional properties and potential application

The functional properties of selected nanoarrays prepared here
were examined by electrochemical measurements, such as CV,
GCD testing, and EIS combined with Mott–Schottky analysis to
assess the applicability of the nanomaterials as nanoelectrodes
for electrochemical energy-storage microdevices. We were
motivated by the reports claiming nanostructured MoOx-
19616 | J. Mater. Chem. A, 2025, 13, 19605–19622
containing surfaces as promising pseudocapacitive materials,9

despite their instability in aqueous electrolytes.7 It was further
expected that the arrays of 1-D nanoprotrusions developed in
our work would be advantageous thanks to their high surface
area and vastly directional at the nanoscale electron transport.62

The PAA-inbuilt OX48-180 sample was chosen as the best-
characterized lm for this examination.

3.2.1. Energy-storage performance. Fig. 10a shows CV
curves recorded in the borate buffer at a scan rate of 50 mV s−1

between −1.9 and −0.1 V vs. Ag/AgCl. The curves feature two
cathodic peaks (C1 and C2) at around −1.4 and −1.0 V vs. Ag/
AgCl and two anodic peaks (A1 and A2) at −0.8 and −0.4 V vs.
Ag/AgCl, respectively. The peaks are associated with various
insertion and extraction processes of Na+ cations into and from
MoO3.3,7,63 Therefore, MoO3 serves as the negative electrode,62

with charging during the cathodic potential sweep and dis-
charging during the anodic potential sweep, as marked by the
arrows in Fig. 10a. By sweeping to more negative and positive
potentials, the operational window of 2.9 V was obtained (with
the onset of hydrogen and oxygen evolution found at −2.0 and
+0.9 V vs. Ag/AgCl, respectively, see Fig. S10†), which is broader
than reported elsewhere (2.2 and ∼1.5 V).7,62 This result
conrms the suitability of the electrode for electrochemical
energy storage and justies the selected potential window for
further analysis. This nding also reveals that the tested sample
had poor electroactivity towards water electrolysis, which is
This journal is © The Royal Society of Chemistry 2025
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advantageous for energy-storage applications. Further, the CV
signature of the OX48-180 lm seems less typical for pseudo-
capacitive electrodes and more tting the battery-like materials,
with faradaic-dominated and diffusion-limited current, since
the ‘mirror-image’ criterion is not fullled.64–66

The level of CV current density (∼0.1 mA cm−2, Fig. 10a, right
y-axis), compared with the literature reports (∼10 mA cm−2 at
50 mV s−1),7,62 seems low. On the other hand, in the PAA-inbuilt
sample, only about 10% of the apparent surface area (Aa)
interacts with the electrolyte, as shown in the embedded sche-
matics in Fig. 10a. Therefore, to judge the actual performance of
the material, we relate the CV current density to the effective
surface area (Ae), le y-axis in Fig. 10a, i.e., as if the measured
surface would be a at MoOx, then it would reach 1 mA cm−2.
Furthermore, using Ae, we calculate the areal capacities from
the CV curves (Fig. 10b, the calculations are available in the ESI,
Fig. S11†), and the charging capacity of 4.1 mA h cm−2 is ob-
tained, which is higher than the discharging capacity (3.1 mA h
cm−2), and lower than a charging capacity obtained from the
GCD curves (10.2 mA h cm−2, see ESI† for the GCD measure-
ments and corresponding calculations, Fig. S12†). Still, the
current densities and discharging capacities of MoO3 reported
for similar potential ranges and discharging times (∼10 mA
cm−2 and ∼100 mA h cm−2, respectively)7,62 are ten-fold higher.
The difference is explained by the electrodes' specic struc-
turing rather than the reported materials' superior behavior.7,62

If the entire surface of the PAA-free OX48-180 sample were
involved in the analysis, it would exhibit enhanced character-
istics and be highly competitive for the desired application.

3.2.2. Charge-storage mechanisms. The GCD curves of the
PAA-inbuilt OX48-180 lm (Fig. S12†) reveal a nonlinear shape
without apparent potential plateau(s), indicating pseudocapa-
citive behavior.64,66,67 Thus, the pseudocapacitive and diffusion-
limited mechanisms may occur in the material at the same
time. CV measurements were performed at various scan rates to
Fig. 11 Scan-rate dependent CVmeasurements in the borate buffer solu
at various scan rates and (b–g) their evaluation. (b) Peak position vs. scan
and e) Experimental (lines) and calculated (lines + symbols) CV curves at 5
(f) Contribution of the diffusion-controlled and capacitive processes of
scan rate to determine the electrode's rate capability. All quantities are r

This journal is © The Royal Society of Chemistry 2025
deepen the knowledge of processes during the charging/
discharging (Fig. 11a, Ae-value is used here), starting with
250 mV s−1 and continuing with consecutively decreasing rates.
Again, two anodic peaks (A1 and A2) are observed. However, at
the higher scan rates, the two cathodic peaks (inset in Fig. 11a)
merge into a single peak (C1). The A1 : A2 ratio of the peak
heights lowers with decreasing sweep rate from 0.83 to 0.09,
which implies different origins of these peaks. The peak posi-
tions are plotted against the scan rate in Fig. 11b. Generally,
a shi towards more positive or negative potentials is expected
for anodic or cathodic peaks, respectively, in the case of
diffusion-limited redox processes (battery-like), whereas
a minor shi is associated with the capacitive-like redox or
intercalation processes (pseudocapacitive).7,64,68 A substantial
shi is noted here for A2 and C1, whereas A1 keeps its position.
Furthermore, the peak current, Ip, is plotted against the scan
rate, n, in a log–log representation (Fig. 11c) to reveal the value
for b constant in the expression Ip = anb: b = 0.5 means
diffusion-controlled charge transport, b = 1 capacitive-like
behavior, and 0.5 < b < 1 indicates a mixed control of the
processes.7,64,67 Thus, from Fig. 11c, the A2 peak originates from
a diffusion-controlled process, the A1 peak is capacitive-like,
and the C1 is under mixed control. These observations agree
with the considerations of the peak positions (Fig. 11b).
Therefore, the electrode tested here combines battery-like and
capacitor-like behaviors.

Further, Dunn's approach7,64 was adopted to deconvolute CV
current into diffusive and capacitive current contributions:

i(V, n) = k1(V)n + k2(V)n
1/2 (3)

which can be rearranged to

i(V, n)/n1/2 = k1(V)n
1/2 + k2(V) (4)
tion with the PAA-inbuilt OX48-180 sample: (a) experimental CV curves
rate. (c) Peak height vs. scan rate in a log–log plot to obtain b-value. (d
0mV s−1 distinguishing the (d) capacitive and (e) diffusive contributions.
Na+ insertion vs. scan rate. (g) Charging and discharging capacities vs.
elated to Ae.

J. Mater. Chem. A, 2025, 13, 19605–19622 | 19617
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where i(V, n) is the total current at a particular potential and
scan rate, k1(V)n is the capacitive current contribution, and k2(V)
n1/2 is the diffusive current contribution. By plotting i(V, n)/n1/2

vs. n1/2, the potential dependent constants k1(V) and k2(V) are
obtained (we calculate them with a potential step of 0.1 V). The
capacitive and diffusive contributions to the CVs are calculated
and plotted for each scan rate; the selected results (for 50 mV
s−1) are presented in Fig. 11d and e. Pairs of broad capacitive
redox peaks (at −1.65 and −0.8 V vs. Ag/AgCl) and relatively
narrower diffusive redox peaks (at −1.25 and −0.45 V vs. Ag/
AgCl) are noted, likely originating from the Na+ cation inser-
tion and extraction and corresponding to the C1/A1 and C2/A2
redox couples. The capacitive pair is assumed to reect
a near-surface redox/intercalation reaction, whereas the diffu-
sive pair belongs to a deeper redox/intercalation reaction, which
can formally be written as:63

Charging:

MoVIO3 + Na+ + e− / NaMoVO3 (5)

MoV2O5 + Na+ + e− / NaMoIVMoVO5 (6)

Discharging:

NaMoVO3 / MoVIO3 + Na+ + e− (7)

NaMoIVMoVO5 / MoV2O5 + Na+ + e− (8)

This CV deconvolution analysis eventually conrms that the
A1, A2, and C1 peaks are due to the capacitive, diffusive, and
mixed contributions, respectively.

An extra contribution to the diffusive current at potentials
below −1.8 V vs. Ag/AgCl (Fig. 11e) is attributed to the hydrogen
evolution reaction. It occurs at less negative potentials than
initially assumed (i.e., beyond −2.0 V vs. Ag/AgCl; see Fig. S10†).
The extra ‘peak’ in the capacitive current at −0.3 V vs. Ag/AgCl
(Fig. 9d) is likely an artifact of the deconvolution since this
approach does not consider the peak shi effect with increasing
sweep rate.64 Finally, the ratios of capacitive and diffusive
contributions to the CV curves are calculated for each scan rate
(Fig. 11f). The capacitive current dominates at the higher scan
rates, while the diffusive contribution is more signicant at the
lower scan rates.

The scan-rate-dependent CVs (Fig. 11a) are used to calculate
the specic charging and discharging capacities and to estimate
the rate capability of the OX48-180 lm (Fig. 11g). The difference
between the charging and discharging capacities, especially at
the low scan rates, is attributed to a substantial negative current
due to the hydrogen evolution during the cathodic and anodic
sweeps, which lowers the efficiency of the electrode in the
investigated potential window. Therefore, a narrower window is
needed for practical use, limited by −1.6 V vs. Ag/AgCl. An
insignicant decrease in discharging capacity from∼4 to 3 mA h
cm−2 with increasing scan rate implies an excellent rate capa-
bility of the electrode.7,67

3.2.3. Film semiconducting properties. The capacitive
contribution of a MoO3 electrode can reportedly be enhanced by
introducing oxygen vacancies in the oxide,63 which act as
19618 | J. Mater. Chem. A, 2025, 13, 19605–19622
electron donors in MoO3 n-type semiconductors.3 We estimated
the donor concentration, Nd, for the OX48-180 PAA-inbuilt
sample by Mott–Schottky analysis of the EIS data acquired at
various potentials;17,69,70 the details are shown in Fig. S13.†
Although various contributions to the total impedance beside
the depletion layer complicate the analysis of battery-like and
pseudocapacitive materials,71 we could estimate Nd = 1 × 1022

cm−3 (the details are described in the ESI†). The value implies
a highly doped n-type semiconductor,70 which means the diffi-
culty in further increasing the capacitive contribution by
introducing more oxygen vacancies. Moreover, the Mott–
Schottky analysis reveals a transition from a depletion layer at
the MoO3 rod tops to a conducting oxide around −1.0 V vs. Ag/
AgCl when measuring from anodic to cathodic potentials
(Fig. S13†). Such a transition allows for effective Na+ intercala-
tion and correlates with increased current density during the
cathodic sweeps (Fig. 11a).

3.2.4. Challenges and outlook. The electrochemical exper-
iments demonstrated the high relevance level of the tested
electrode for potential energy-storage applications even when
such a small fraction as the effective surface area (rods' cores)
was involved in the measurements. Should the entire lm
surface be exposed to the electrolyte, an 8-fold rise in current
density and capacity may be expected for the 220 V re-anodized
PAA-free lm, which would compete with the best-reported
values.7,62,72 However, the CV and Mott–Schottky measure-
ments performed with the OX48-180 PAA-free sample (not
shown) did not reveal the expected advances, likely because the
current ows merely along the amorphous MoOx nanocores
connected to the crystalline MoO2 bottom layer, while the
alumina-containing shells and the bottom oxide's surface are
less doped semiconductors or dielectrics (Fig. 6a). This nding
differs from our previous works, for instance, on the WOx- and
HfOx-based nanorod arrays, where the entire rods' surface
exhibited excellent electron conductivity.70,73

Future work is required to thin the shells and increase their
electron conductivity. This might be achieved by playing with
anodization variables, applying post-anodizing surface-
nishing techniques such as partial wet or plasma chemical
ne polishing, doping the shells with electron-conducting
elements or compounds, or nitridation techniques.74 Alterna-
tively, the as-prepared nanoarrays seem highly appropriate
without additional treatments as building blocks for nano-
structured eld-emission, memristive, superconducting,
magnetic, or optical nanodevices – where the heterogeneous
core/shell nanostructure may be highly advantageous.13,58,74

These will be the subjects of future research.

4. Conclusions

The following conclusions may be drawn from the present
study.

(1) For the rst time, arrays of MoOx-based nanostructures of
various sizes and morphologies, vertically aligned on
a substrate, have been synthesized self-organized via the PAA-
assisted anodization of a Mo layer through a very thin Nb
interlayer. Such a smart anodization enabled the nucleation
This journal is © The Royal Society of Chemistry 2025
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and sustainable growth of fully amorphous MoOx nano-
structures within and under the PAA nanopores, which is
impossible by direct molybdenum anodizing or other methods.

(2) The oxide growth occurred via the unique outward
migration of Mon+ and Nb5+ ions through the thin Nb2O5

interlayer, alumina barrier layer, along the pore walls, and
inside the pores together with the inward migration of O2−

(OH−) ions. Such a cooperative ion transport resulted in a self-
organized core/shell architecture of the oxide protrusions: the
shells comprise MoO3, molybdenum suboxides (Mo5+ and
Mo4+), Nb2O5, and Al2O3 mixed at the molecular level, whereas
the cores are partially hydrated and slightly reduced pure MoO3.
The 550 °C annealing in ambient air or a vacuum (10−5 Pa)
results in an amorphous-to-crystalline transition in the bottom-
oxide layers and partial oxidation of the suboxides in the shells.

(3) The cores of the oxide nanorods exhibit electron transport
properties of a highly-doped n-type semiconductor, with Nd

reaching 1 × 1022 cm−3, while the shells are less doped semi-
conductors or dielectrics.

(4) The MoOx-based nanoarrays revealed the potential for
applications in semiconductor nanoelectronics where the
intensive and localized at the nanoscale electron transport,
reversible redox reactions, high population density of nano-
channels (up to 3 × 1010 cm−2), and tailored crystallinity are in
demand. The disclosed intercalation pseudocapacitance
behavior of the rods' cores and the competitive performance
metrics make the lms promising as nanostructured electrodes
for on-chip energy-related applications. The works to improve
the electron-transport properties of the shells, explore eld-
emission and memristive potentials of the nanoarrays, and
design relevant device congurations are in progress and will be
reported in due course.

Data availability

The data supporting this article have been included as part of
the ESI.†

Author contributions

Alexander Mozalev: conceptualization, methodology, investiga-
tion, visualization, writing – review and editing, resources,
project administration, and funding acquisition; Maria Bend-
ova: investigation, formal analysis, visualization, validation,
and writing – original dra; Lukas Kalina: investigation, data
curation; Jan Prasek: investigation; Francesc Gispert-Guirado:
investigation, validation, visualization; Eduard Llobet: writing
– review and editing, resources, funding acquisition.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This research was nancially supported by the Czech Science
Foundation (GACR), project no. 23-07848S. The CzechNanoLab
This journal is © The Royal Society of Chemistry 2025
project LM2023051 funded by the MEYS CR is acknowledged for
sputter-deposition and XPS sample analysis at CEITEC Nano
Research Infrastructure. We thank then-PhD student Kirill
Kamnev for the technical assistance in SEM and XPS recording.
E. L. was supported by the Catalan Institution for Research and
Advanced Studies via the 2023 Edition of the ICREA Academia
Award, Catalonia, Spain.
Notes and references

1 I. A. de Castro, R. S. Datta, J. Z. Ou, A. Castellanos-Gomez,
S. Sriram, T. Daeneke and K. Kalantar-zadeh, Molybdenum
oxides – From fundamentals to functionality, Adv. Mater.,
2017, 29, 1701619, DOI: 10.1002/adma.201701619.

2 K. Hermann and M. Witko, Chapter 4 – Theory of physical
and chemical behavior of transition metal oxides:
vanadium and molybdenum oxides, in Oxide Surfaces, ed.
D. P. Woodruff, Elsevier Science B.V., 2001, pp. 136–198,
DOI: 10.1016/S1571-0785(01)80024-9.

3 C. V. Ramana, A. Mauger and C. M. Julien, Growth,
characterization and performance of bulk and
nanoengineered molybdenum oxides for electrochemical
energy storage and conversion, Prog. Cryst. Growth Charact.
Mater., 2021, 67, 100533, DOI: 10.1016/
j.pcrysgrow.2021.100533.

4 T. R. Lenka and H. P. T. Nguyen, Nanoelectronic Devices and
Applications, Bentham Science Publishers, 2024, DOI:
10.2174/97898152382421240101.

5 R. Malik, N. Joshi and V. K. Tomer, Advances in the designs
and mechanisms of MoO3 nanostructures for gas sensors:
a holistic review, Materials Advances, 2021, 2, 4190–4227,
DOI: 10.1039/D1MA00374G.

6 Y. Jiang, Y. Wang, J. Ni and L. Li, Molybdenum-based
materials for sodium-ion batteries, InfoMat, 2021, 3, 339–
352, DOI: 10.1002/inf2.12175.

7 A. E. Elkholy, T. T. Duignan, X. Sun and X. Song Zhao, Stable
a-MoO3 electrode with a widened electrochemical potential
window for aqueous electrochemical capacitors, ACS Appl.
Energy Mater., 2021, 4, 3210–3220, DOI: 10.1021/
acsaem.0c02990.

8 H. Wang, T. Li, A. M. Hashem, A. E. Abdel-Ghany, R. S. El-
Tawil, H. M. Abuzeid, A. Coughlin, K. Chang, S. Zhang,
H. El-Mounayri, A. Tovar, L. Zhu and C. M. Julien,
Nanostructured molybdenum-oxide anodes for lithium-ion
batteries: an outstanding increase in capacity,
Nanomaterials, 2021, 12, 13, DOI: 10.3390/nano12010013.

9 B. Hu, L. Mai, W. Chen and F. Yang, FromMoO3 nanobelts to
MoO2 nanorods: structure transformation and electrical
transport, ACS Nano, 2009, 3, 478–482, DOI: 10.1021/
nn800844h.

10 Y. Jia and Y. Ma, Advances in MoO3-based supercapacitors
for electrochemical energy storage, J. Energy Storage, 2024,
85, 111103, DOI: 10.1016/j.est.2024.111103.

11 A. A. Shaikh, J. Bhattacharjee, P. Datta and S. Roy, A
comprehensive review of the oxidation states of
molybdenum oxides and their diverse applications,
J. Mater. Chem. A, 2025, 13, 19605–19622 | 19619

https://doi.org/10.1002/adma.201701619
https://doi.org/10.1016/S1571-0785(01)80024-9
https://doi.org/10.1016/j.pcrysgrow.2021.100533
https://doi.org/10.1016/j.pcrysgrow.2021.100533
https://doi.org/10.2174/97898152382421240101
https://doi.org/10.1039/D1MA00374G
https://doi.org/10.1002/inf2.12175
https://doi.org/10.1021/acsaem.0c02990
https://doi.org/10.1021/acsaem.0c02990
https://doi.org/10.3390/nano12010013
https://doi.org/10.1021/nn800844h
https://doi.org/10.1021/nn800844h
https://doi.org/10.1016/j.est.2024.111103
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta02921j


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 3

/2
/2

02
6 

2:
33

:0
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Sustainable Chemistry for the Environment, 2024, 7, 100125,
DOI: 10.1016/j.scenv.2024.100125.

12 P. Bhol, M. B. Bhavya, S. Swain, M. Saxena and A. K. Samal,
Miniaturization on chip nano energy application, in
Nanotechnology in Miniaturization, an Emerging Trend to
Fabricate Future Devices, ed. S. K. Shukla, C. M. Hussain, B.
Mangla, M. Choudhary and S. Patra, Springer, 2024, pp.
173–196.

13 A. Mozalev, R. M. Vázquez, C. Bittencourt, D. Cossement,
F. Gispert-Guirado, E. Llobet and H. Habazaki, Formation–
structure–properties of niobium-oxide nanocolumn arrays
via self-organized anodization of sputter-deposited
aluminum-on-niobium layers, J. Mater. Chem. C, 2014, 2,
4847–4860, DOI: 10.1039/c4tc00349g.
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