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A B S T R A C T

The fabrication of inorganic semiconducting nanomaterials with a high content of molybdenum oxide (MoOx), 
self-organized in arrays on a substrate, has long been a challenge, limiting the utilization of MoOx nanostructures 
in on-chip micro- and nanodevices. Here, for the first time, arrays of MoOx nanostructures, such as bulges, 
columns, and rods, of high densities (108 – 1010 cm− 2), self-standing on a substrate, are synthesized via the in situ 
anodization of sputter-deposited Mo-Nb alloy layers with variable Mo content, ranging from 5 to 95 at. %, 
covered with a thin Al layer. The approach involves the growth of a porous anodic alumina (PAA) film that 
enables the formation of fully amorphous molybdenum-niobium mixed-oxide nanostructures within and under 
the PAA nanopores. By combining SEM, XPS, and XRD analyses, it is shown that, after selective PAA dissolution, 
the free-standing nanostructures are composed of a dominating amount of MoOx with various Mon+ cations (n =
6 to 3) mixed at the atomic level with a minor amount of Nb2O5 and NbO2 suboxide, which are ‘doped’ at the 
surface with Al2O3 originating from the PAA cell walls and ‘serving’ as a shape stabilizer. The record-high Mo 
content achieved with this technology is 92 at. %. The accomplishment is due to the enhanced migration of Mon+

cations within the mixed oxide inside the PAA nanopores and along the pore walls. Annealing at 550◦C induces a 
unique phase separation, resulting in MoO2 nanocrystals dispersed within the amorphous MoOx-Nb2O5 matrix 
and an increased oxidation state of MoOx at the film surface. The cyclic voltammetry and electrochemical 
impedance spectroscopy examinations confirm that the entire surface of the oxide nanorods is an n-type semi
conductor with a charge carrier density of 2 × 1021 cm− 3. The highly competitive pseudocapacitive properties of 
the nanoarray derived from Mo-19at. %Nb alloy are disclosed, yielding a capacitance of ~10 mF cm− 2, rendering 
the film promising as a 3D semiconductor nanoelectrode for emerging on-chip energy-storage microdevices. 
Moreover, the film efficiently serves as a gas-sensing layer for rapidly and selectively detecting low concentra
tions of C2H5OH (10 ppm) and CO (100 ppm). More potential applications include antibacterial coatings, self- 
cleaning surfaces, and electrochromic films, where the rod-like nanomorphology and the large number of Mo- 
containing reactive sites are highly desirable.

1. Introduction

Molybdenum oxides (MoOx) are versatile oxide compounds with 
diverse potential applications as functional materials in electronic pas
sives, catalysts, gas sensors, field emitters, superconductors, thermal 
materials, electrochromic coatings, electrochemical energy-storage 

devices, or supersurfaces [1–8]. The family of molybdenum oxides is a 
large group of materials united by their ability to possess various crystal 
structures, oxidation states, and mixed-valency oxides [9,10]. MoOx 
may be stoichiometric MoO3, which features a wide bandgap of >2.7 eV, 
semiconducting MoO3− x (0 < x < 1), and eventually semimetallic MoO2 
with a significantly reduced bandgap. The lowest-valency cubic MoO, 
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Mo2O, and Mo3O phases exhibit excellent metallic conductance [2,11,
12].

Various nanostructuring techniques have been employed to enhance 
the functional properties of MoOx, which are associated with substan
tially increasing the surface-to-volume ratio and shortening the carrier 
transport pathways compared to bulk or thin-film oxides [2,9]. More
over, doping or mixing MoOx with similar or dissimilar oxides has been 
tried to enhance or modify the properties of the individual oxides, 
although such techniques typically require extreme temperatures, 
high-vacuum conditions, and tall-budget equipment [13]. Even though 
nanosized MoOx-based dots, wires, tubes, flowers, platelets, spheres, or 
belts in solution or randomly dispersed on substrates have been reported 
[2,6], the formation of ordered arrays of 1-D MoOx-based nano
materials, amorphous or crystalline, spatially separated, vertically pro
truding from and self-aligned on substrates has long been a challenge 
due to the difficulties in precisely controlling the formation conditions, 
size, morphology, chemistry, crystallography, and locations of individ
ual nano-elements on the substrates [1,9]. The localized charge-carrier 
transport within individual 1D current passways, such as MoOx semi
conductor nanowires or nanorods arranged in 3D nanoarrays on sub
strates, complemented by the enhanced surface reactivity, would be a 
stepping stone toward emergent MoOx-based on-chip electronic, opto
electronic, catalytic, or energy-storage nanodevices [7,14].

As a step forward, we have recently proposed a method based on the 
nanoelectrochemical fabrication principles [15] to synthesize MoOx-
based ‘nanocables’ that are vertically aligned on a substrate via 
self-organized anodizing of sputter-deposited Al/Nb/Mo laminates [16]. 
The method involved the growth of a porous anodic alumina (PAA) film 
[15,17], followed by in-situ PAA-assisted anodization [18,19] of the 
underlying Mo through the thin Nb interlayer. The developed technique 
enabled the sustainable growth of amorphous MoOx nanorods within the 
PAA nanopores in several aqueous electrolytes, a feat that had not been 
possible with any other reported methods, including electrochemistry. 
Although the rods’ cores were a highly-doped n-type semiconductor 
showing competitive pseudocapacitive behavior, the major drawback 
was the low Mo content (< ~20 at. %) in the rods’ shells. This rendered 
the shells nearly dielectric, excluding their contribution to complex 
charge carrier transport and surface reactions, thus limiting their 
application potential.

From the above consideration, it is of vast importance to find the 
ways to enlarge the molybdenum content in the nanorods substantially, 
avoid the formation of core/shell contrasting properties by making the 
oxide composition more homogeneous, and significantly enhance the 
surface reactivity and semiconducting properties of the rods, such that 
the entire film surface can contribute to increasing the electron transport 
and enhancing the redox reactions, facilitating the application of such 
advanced nanomaterials for pseudocapacitors, chemical sensors, cata
lysts, photo- and electrochromics, or hydrogen generators.

In the present work, we developed highly challenging nano
electrochemical fabrication processes based on in-situ PAA-assisted 
anodizing of Mo-Nb binary alloys with variable Mo content reaching 95 
at. %, prepared by co-sputtering deposition of Mo and Nb metals on solid 
substrates. Nanostructured anodic oxide films synthesized via the PAA- 
assisted anodizing of various Mo-Nb alloys were examined using high- 
resolution scanning electron microscopy (SEM), X-ray photoelectron 
spectroscopy (XPS), X-ray diffraction (XRD), electrochemical impedance 
spectroscopy (EIS), and Mott-Schottky analysis. From a fundamental 
science viewpoint, the in situ anodizing of a Mo-Nb solid solution 
through the PAA nanopores opens a unique possibility to investigate 
cooperative ionic transport, solid-state reactions, and oxide dissolution 
in self-supported MoOx nanostructures mixed with other metal oxides 
under a high electric field. The functional properties that determine the 
application potential of the nanoarrays were explored using cyclic vol
tammetry (CV) in solution and by performing gas-sensing tests using a 
metal/semiconductor microchip with the MoOx nanoarray serving as 
the active layer.

2. Experimental section

2.1. Sample preparation

Face-side polished Si wafers (n-type, 4”, 500 μm thick, 40 Ω cm), 
covered with a 300 nm thick SiO2, were used as starting substrates. 
Layers of Mo-Nb alloys, 170 nm thick, were deposited via magnetron co- 
sputtering of Mo (99.95 %) and Nb (99.95 %) targets, step-wise covering 
a range of Mo concentrations in the alloys from 10 to 95 atomic percent. 
After a 30-minute break to cool the wafers, layers of Al, 700 nm thick, 
were deposited by magnetron sputtering of an Al (99.999 %) target. All 
the targets utilized in this work were from Kurt J. Lesker Company 
GmbH.

The setup used for anodizing and re-anodizing experiments with 
individual pieces cut from the wafers was described in previous publi
cations [20]. Depending on the current density range, either an Agilent 
5752A or a Keithley 2410 programmable power supply, controlled by a 
homemade software written in LabVIEW, was used as the anodizing 
unit. Typically, anodizing was carried out to convert the upper Al layer 
into a PAA film, which was followed by re-anodizing of the underlying 
Mo-Nb alloy to a higher voltage through the PAA overlayer, striving to 
achieve the growth of mixed anodic oxides within the pores. Aqueous 
solutions of sulfuric (H2SO4), oxalic (H2C2O4), phosphoric (H3PO4), 
malonic [CH2(COOH)2] [21], tartaric [(CH(OH)(COOH))2] [22], eti
dronic [CH3C(OH)(PO3H2)2] [23], and citric (C6H8O7) [24] acids were 
tested as the anodizing and re-anodizing electrolytes. Anodizing and 
re-anodizing processes were carried out under constant-current polari
zation, followed by a voltage hold to ensure uniform anodic oxide 
growth across the sample surface. The PAA overlayers were dissolved, 
fully or partially, in a ‘selective etchant’, which was prepared and used 
as described elsewhere [25,26]. Finally, the samples were rinsed in ul
trapure deionized water and dried in air at 120◦C for 15 minutes. 
Selected samples were annealed at 550◦C for 3 hours either in ambient 
air at atmospheric pressure (hereafter the ‘air-annealed’ samples) or at a 
residual pressure of 10− 5 Pa (hereafter the ‘vacuum-annealed’ samples).

2.2. Analysis and measurements

Scanning electron microscopy (SEM) observations of surfaces and 
cross-sections of the anodic films before and after the PAA dissolution 
were performed in a TESCAN MIRA II field-emission instrument oper
ated at 30 kV accelerating voltage. Due to the in-beam detector for 
secondary electrons, no conducting layers were required over the sam
ple surfaces to reduce the charging effect before observation. For sta
tistical analysis, the surface SEM images were analyzed using ImageJ 
software.

X-ray photoelectron spectroscopy (XPS) analysis was conducted 
using a Kratos Axis Ultra DLD spectrometer (monochromatic Al Kα 
source) with X-ray emission power of 75 W and typical operating pres
sures of less than 1.3 × 10− 9 mbar. The X-ray beam was focused to a 300 
μm × 700 μm spot. The emitted electrons were detected at fixed pass 
energies of 160 eV for the survey spectra and 20 eV for the high- 
resolution spectra. The Kratos charge neutralizer system was 
employed in all measurements. CasaXPS version 2.3.17 was used for 
spectra analysis. GL(30) profiles were selected for all components except 
the metallic core lines of Mo 3d and Nb 3d and the contributions of 
crystalline MoO2 (see ESI). All spectra were 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 on the high- 
resolution spectra based on the relative sensitivity factors from 
CasaXPS, which are suitable for Kratos Axis spectrometers and are 
referenced to the F 1s peak. Further details are described elsewhere and 
in the ESI [27,28].

X-ray diffraction (XRD) patterns of the experimental samples were 
recorded using a Bruker-AXS D8-Discover diffractometer equipped with 
a parallel incident beam (Göbel mirror) and a vertical θ-θ goniometer, 
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operating at 40 kV and 40 mA to generate Cu Kα radiation. An X-ray 
collimator was used to analyze an area of 500 μm in reflection mode. The 
VÅNTEC-500 detector (silicon strip technology, active area 30 cm × 30 
cm, frame size 2048 pixels × 2048 pixels) was placed at a 15 cm distance 
from the sample surface. For each sample, three frames were collected, 
covering 20–90◦ 2θ, and an exposure time of 600 s per frame to obtain a 
2D diffractogram. This diffractogram was then γ-integrated to produce 
the conventional 2θ vs. intensity diffractogram. The Rietveld refinement 
[29] was performed using TOPAS 6.0 software (Bruker AXS GmbH, 
2017) [30] with the identified crystal structures. Further details are 
available in the ESI.

The EIS and CV analyses were performed in a 1 M Na2SO4 electro
lyte at 22◦C using an Autolab PGSTAT204 Potentiostat/Galvanostat 
with a FRA32M module (Metrohm). A three-electrode setup was 
installed inside a cylindrical PTFE cell, securing a circular area of 0.08 
cm2 on the sample surface [16]. The sample was the working electrode, 
an Au plate was the counter electrode, and an Ag/AgCl (1 M KCl) was 
the reference electrode. The CVs were typically recorded between − 1.2 
and 0.0 V vs. Ag/AgCl at a scan rate of 20 mV s− 1, starting from the open 
circuit potential (OCP) in the anodic direction toward the highest po
tential, followed by a set of cathodic and anodic sweeps, and finishing 
near the initial OCP value. EIS was performed by applying a sinusoidal 
perturbation of 10 mV to the OCP or selected bias voltages (Mott-
Schottky measurements) in a frequency range of 1 MHz to 0.01 or 0.1 
Hz. During the Mott-Schottky measurements, a 3-minute potential hold 
was applied at each point before the EIS, and the current was recorded. 
The EIS data were analyzed using computer simulation and fitting 
software Autolab NOVA (version 1.10). The entire frequency range was 
used for fitting with an equivalent electrical circuit containing a con
stant phase element (CPE) in parallel with a resistor, from which the 
capacitances were extracted as C = Y0

1/n Rp
(1− n)/n [31]. Unless stated 

otherwise, the measured and calculated parameters were referenced to 
the apparent surface area exposed to the electrolyte.

Gas sensing tests were performed in a custom-made chamber (125 
ml) under a constant gas flow of 200 sccm. The desired concentrations of 
gases were obtained by mixing pure synthetic air (20 % O2 and 80 % N2, 
Linde Gas) with calibrated gas (either 100 ppm ethanol or 1000 ppm CO, 
all in synthetic air), using mass-flow controllers. Parallel metal strips, 3 
mm x 0.5 mm in size, separated by a distance of 1.0 mm, were formed 
via thermal evaporation of 200 nm NiCr through shadow masks on the 
surface of the nanostructured film synthesized in a sulfuric acid elec
trolyte and annealed in air, to serve as conducting electrodes. The 
resistance between the electrodes was measured in the presence of dry 
synthetic air or diluted gas using a Keithley 2410 Source Meter, 
controlled by LabVIEW software via a PC. The chamber was equipped 
with a miniaturized, flexible probe system installed above a heated 
platform capable of reaching temperatures of up to 300◦C, designed for 
measuring sensor chips without the need for bonding or packaging. The 
normalized sensor response, S, was defined as (Rgas− R0)/R0, where R0 is 
the baseline resistance in air, and Rgas is the resistance in the presence of 
a test gas.

3. Results and discussion

3.1. Anodizing behavior

Thin-film Mo-Nb binary alloys with various Nb content covering the 
range from 5 to 90 at. % were prepared via the magnetron co-sputter 
deposition onto the wafers. For simplicity, the alloys will be coded as 
Mo-xNb (e.g., Mo-5Nb, Mo-10Nb, etc.), where the x-value denotes the 
atomic percent of Nb, which was determined by high-resolution XPS 
analysis (see ESI).

Aqueous solutions of various acids, listed in the Experimental sec
tion, were tested as the electrolytes for anodizing/re-anodizing the Al/ 
Mo-Nb bilayer samples to achieve the nucleation and solid-state 
growth of Mo-based anodic oxides within and under the PAA 

nanopores. Only 0.6 M oxalic and 0.2 M sulfuric acid (hereafter the ‘OX’ 
and ‘SU’ electrolytes, respectively) appeared appropriate for processing 
the Al/Mo-Nb bilayers with the moderate and high Mo content in the 
alloy. For the OX electrolyte, the upper concentration limit of Mo in the 
alloy appeared to be 81 at. % (Mo-19Nb), above which PAA-assisted 
anodizing of the alloy was impossible. However, the use of the SU 
electrolyte allowed the Mo concentration limit to be extended up to 95 
at. %, which is a significant achievement of this work. The other acid 
solutions probed in this study, all of which yielded substantially higher 
anodizing voltages at comparable current densities, resulting in more 
distanced pores in the PAA, were only suitable for alloys containing less 
than ~60 at. % Mo. The need to decrease Mo content in the alloy to 
enable its PAA-assisted anodizing seems to correlate with increasing 
anodizing voltage associated with the following order of anodizing 
electrolytes: sulfuric < oxalic < malonic < phosphoric < tartaric < citric 
< etidronic acid, as expressed in Fig. 1. As the primary challenge was to 
anodize Mo-Nb alloys with as high a Mo content as possible, the focus of 
this study will be on the anodic films synthesized in the OX and SU 
electrolytes.

As a typical example, Fig. 2a shows the voltage-time and current- 
time responses during the anodizing of an Al/Mo-19Nb bilayer in the 
SU electrolyte at a constant current density of 7 mA cm− 2. Under the 
above conditions, a steady-state voltage of 25 V is established during the 
PAA growth, followed by a short voltage hold after the anodizing front 
reaches the alloy layer. The voltage transient appears typical for mild 
porous anodizing of aluminum in a sulfuric acid electrolyte at moderate 
current densities, with no abnormalities that might occur during PAA 
growth or at the PAA/alloy interface [32]. It is expected that the anodic 
oxidation of the alloy layer begins already during the voltage hold. At 
the commencement of constant-current re-anodizing (Fig. 2b), a short 
induction period is evident before the voltage begins to increase rapidly 
(marked with a dashed circle), reaching a value approximately equal to 
that established during the steady-state PAA growth. Then the voltage 
rise retards twice, until it becomes almost constant, reaching the set 
point, followed by a short voltage hold until the current drops approx
imately fivefold. The changes in the voltage-time slope during the 
voltage rise are associated with the modification and penetration of the 
PAA barrier layer by the oxide that grows underneath, followed by the 
partial field-assisted dissolution of the PAA barrier layer and further 
oxide growth solely within the pores.

Fig. 2c shows the voltage and current transients during anodizing the 
same Al/Mo-19Nb bilayer in the OX electrolyte at an optimized current 
density of 20 mA cm− 2. As noted above, the Mo-19Nb alloy has the 
minimal Nb concentration that has yet made possible PAA-assisted 
anodizing of the alloy in the OX electrolyte. A steady-state voltage of 

Fig. 1. Correlation of the anodizing voltage and the electrolyte composition 
with Nb content in Mo-Nb alloys that allow PAA-assisted anodizing. The plot 
shows that, with increasing Nb content in the alloy, the concentration zone that 
allows for PAA-assisted anodizing of Mo-Nb alloys (permitted zone) expands, 
involves more acids, and enables higher anodizing voltages.
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45 V is established during PAA growth, as expected at this current 
density [33,34]. Contrary to the SU anodizing, after a short period of 
current decay during the voltage hold, the current begins to rise, and 
once it reaches a maximum (13 mA cm− 2), the polarization is turned off 
to prevent the current from decreasing again. If the current is allowed to 
further decrease after reaching its maximum, it will make re-anodizing 
impossible, and the PAA layer may peel off. At the commencement of 
re-anodizing, even though the voltage does not immediately increase to 
the value established during steady-state PAA growth (45 V), the in
duction period is not observed. After reaching ~40 V, the voltage rises 
almost linearly until it attains the set value of 200 V in this example 
(Fig. 2d). More generally, the maximum re-anodizing voltage that can be 
attained with the PAA-assisted anodizing of Mo-Nb alloys in the OX 
electrolyte was as high as 400 V, substantially exceeding the limit for 
processing the Al/Nb/Mo trilayer reported previously (~300 V) [16]. 
Another feature of anodizing in this electrolyte is that if the Nb con
centration in the alloy exceeds some 20 at. %, the current decays 
monotonically during the voltage hold, as does the anodizing current 
during the normal PAA-assisted anodization of pure niobium [35]. The 
schematics in Fig. 2 preliminarily suggest how the films may look after 
completing the anodizing and re-anodizing stages in the SU and OX 
electrolytes; these will be updated later based on the SEM observations.

Notably, a smooth anodic oxidation of the Mo-Nb alloy films without 
Al layers on top was impossible in any of the solutions tested in this 
study due to an extended induction period, which has also been reported 
for anodic treatment of pure Mo layers [36], accompanied by an 
intensive electrochemical dissolution of the alloy combined with the 
chemical dissolution of the oxide, which prevented the formation of 
stable solid-state compounds. This highlights the uniqueness of the 
PAA-assisted anodizing of Mo-Nb alloys for growing stable Mo-Nb 
anodic oxides, which cannot be accomplished by any other technique 

reported to date.

3.2. Film morphology

The anodic films derived from the PAA-assisted anodizing/re-anod
izing of the Mo-19Nb alloy in the OX electrolyte were selected as rep
resentatives for SEM analysis to demonstrate the changes in the 
morphology with the formation stage (Fig. 3). The films anodized at 45 
V are shown in the upper row, followed by re-anodizing to 220 V 
(middle row) and 300 V (lower row); the anodizing and re-anodizing 
curves are as in Fig. 2c and d. More intermediate re-anodizing steps 
are depicted in Fig. S1.

The cross-section of the anodized sample in Fig. 3a reveals an array 
of nanobulges protruding into the pores above the remaining alloy 
surface, resulting from the local anodic oxidation of the underlying 
alloy, surrounded by a continuous network of unoxidized aluminum, 
which remains after completing the anodizing process, as pointed out by 
the green arrows. An instability in anodic oxide formation is noted 
through the formation of protuberances over the tops of the bulges, 
marked with the blue arrows. Through the following re-anodizing pro
cess, the bulges transform into oxide nanorods, which lengthen within 
the pores in proportion to the re-anodizing voltage, without any sign of 
instability at the electrolyte/rod-top interfaces (Fig. 3d–i). In all cases, 
the measured population density of the oxide protrusions is 8 × 109 

cm− 2, which agrees with the expected pore density in the PAA overlayer. 
The mean diameter of the rods is 50 nm, being independent of the 
reanodizing voltage, which is 1.7 times the average diameter of the PAA 
nanopores (29 nm). The rods are anchored to a continuous anodic-oxide 
layer beneath the former PAA/alloy interface (hereafter the ‘bottom 
layer’). The rods’ length and the bottom-layer’s thickness increase 
proportionally to the re-anodizing voltage, and the oxide/alloy interface 

Fig. 2. The voltage-time and current-time responses from Al(800 nm)/Mo-19at.%Nb(170 nm) bilayer during (a) anodizing in 0.2 M H2SO4 (sulfuric acid), followed 
by (b) re-anodizing to 105 V and (c) anodizing in 0.6 M H2C2O4 (oxalic acid), followed by re-anodizing to 200 V. The embedded schematics illustrate the expected 
cross-sectional views of the anodic films after completion of the anodizing and re-anodizing processes.
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(yellow dashed line) appears flat already after the 220-V re-anodizing. 
This means that the nanosized concave-like areas of the bottom oxide, 
which develop during the anodizing stage (Fig. 3a, yellow dashed line), 
merge fully into a uniform solid layer at approximately 220 V. With the 
re-anodizing voltage approaching 300 V, the tops of the rods begin to 
agglomerate (Fig. 3h and i) due to the flexibility of the rods’ roots and 
the increasing impact of van der Waals forces.

Fig. 4a–c shows SEM views of the anodic film derived from the PAA- 
assisted anodizing/re-anodizing of the same Mo-19Nb alloy in the SU 
electrolyte (see Fig. 2a and b). Typically, for the SU anodizing at 25 V 
followed by re-anodizing to 105 V, an array of tiny rod-like nano
protrusions is formed, each about 30 nm wide and 220 nm long, of the 
highest population density of 3 × 1010 cm− 2, anchored to a bottom- 
oxide layer. Similar to the OX case, the film thickness increases with 
the re-anodizing voltage. The tops of the SU rods tend to agglomerate 
already at about 130 V (not shown).

The extended possibilities of PAA-assisted anodizing of the Mo-Nb 
alloy layers are further demonstrated in the SEM views of Fig. 4d–j, 
depicting anodic films formed from the Mo-39Nb alloy via the PAA- 
assisted anodizing/re-anodizing in phosphoric (150/400 V) and 
malonic (135/400 V) acid electrolytes. Substantially larger sizes of the 
oxide protrusions and smaller population densities are noted for both 
cases. While the phosphoric acid-made pillars are distributed uniformly 
across the sample surface (Fig. 4, middle row), the malonic acid-made 
columns grow in domains separated by unpopulated areas of sizes 
comparable to the domain sizes (Fig. 4, bottom row). The domainization 
effect may be due to the larger difference in ionic resistance of the 

alumina and the anodic oxide formed on the alloy in the malonic acid 
electrolyte. Practically, such a domainization may help reach super
hydrophobic properties of the surfaces, which are in demand for self- 
cleaning applications.

Through numerous experiments and adjustments of electrical and 
electrolytic conditions, we successfully achieved the PAA-assisted 
anodizing/re-anodizing of the Mo-Nb alloys over the entire range of 
Mo concentrations. The results appeared to be highly dependent upon 
the nature and concentration of the solutions, current density, and for
mation voltage, as expressed in Fig. 1. In this regard, the most significant 
achievement was the PAA-assisted processing of the Mo-5Nb alloy, 
which had the highest Mo content (95 at. %), in a sulfuric acid elec
trolyte. This will be discussed in reference to the film’s chemical 
composition in Section 3.3.7. We selected the nanoarrays synthesized in 
the OX and SU electrolytes as model systems for performing thorough 
chemical and structural analyses and investigating ionic transport dur
ing the growth of mixed Mo-Nb anodic oxides.

3.3. Film composition

The chemical composition and bonding states in the as-synthesized 
and annealed anodic films were investigated by XPS, a powerful tool 
for studying the formation of electrochemically induced dielectric and 
semiconducting layers [37]. Hereafter, the films obtained after dis
solving the PAA layer in the selective etchant will be referred to as the 
‘PAA-free’samples. The films with a partially dissolved PAA layer, to 
expose the oxide protrusions but keep the bottom layer still covered by 

Fig. 3. Cross-sectional, 3D, and surface SEM views of anodic films synthesized from an Al/Mo-19at.%Nb bilayer (a–c) via the anodizing in 0.6 M oxalic acid at 45 V, 
as in Fig. 2c, followed by (d–f) re-anodizing to 220 V or (g–i) re-anodizing to 300 V. Images in (a, d, and g) show the as-prepared anodic films. Images in (b, c, e, f, h, 
and i) show the corresponding films after PAA dissolution. All undefined scale bars are 200 nm in length.
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the remaining PAA, will be distinguished as the ‘PAA-half-etched’ 
samples. The re-anodized films with the unmodified PAA layer will be 
mentioned as the ‘PAA-inbuilt’ samples.

Narrow-scan C 1s, O 1s, Mo 3d, Nb 3d, Al 2p, and S 2p spectra were 
collected to analyze the core levels and bonding states of the elements of 
interest. In the following, the XPS analysis will be presented for (1) the 
OX anodic films derived from the Mo-19Nb alloy (Fig. 5) and partially 
(2) the SU anodic films derived from the Mo-5Nb alloy (Fig. 8), which 
reflects the highest Mo content (95 at. %) in the alloy that can be pro
cessed via PAA-assisted anodizing. The XP spectra of the as-deposited 
Mo-Nb alloys, various annealed anodic films, and SU films are shown 
in Fig. S2, S5, and S6. Additionally, a justification for the narrow- 
spectrum deconvolution approaches employed in this study is pro
vided in the ESI.

3.3.1. Molybdenum oxides
The analysis of Mo 3d spectra shown in Fig. 5, 7, and 8 and Fig. S6, 

reveals that each anodic film is composed of Mo oxides with multiple 
oxidation states of Mo cations. The oxide composition may be expressed 
as MoVI

x1MoV
x2MoIV

x3MoIII
x4O. The degree of MoO3 reduction in each 

oxide will be distinguished by an average oxidation state (AOS) of Mo 
cations, with assigning MoOx to the following characteristic types: Type 
I – ‘highly reduced’ MoOx, AOS 4.10±0.15, typical for the PAA-free films 
(Fig. 5a,d and Fig. 8c); Type II – ‘moderately reduced’ MoOx, AOS 4.74 
±0.15, detected in the re-anodized PAA-half-etched films (Fig. 5g and 

Fig. S6e); and Type III – ‘slightly reduced’ MoOx, AOS 5.07±0.1, 
occurring in the annealed PAA-free films (Fig. 5j and Fig. S6i). 
Furthermore, the AOS value of Mo, as well as the Mo content, varies in 
the nanorods and the bottom layer.

The Mo 3d spectra in Fig. 5 appear typical for the anodic films 
derived from various alloys (except for the Mo-90Nb case) processed in 
the OX electrolyte. In the Mo 3d spectrum of the anodized PAA-free 
sample (Fig. 5a), the five doublets are assigned to Mon+ cations with n 
= 6, 5, 4, 3, and 0. The metallic component (~3 % of all Mo species) is 
due to the alloy residues surrounding the bulges, whereas Mon+ com
ponents are due to the MoOx suboxides mixed in the anodic film. The 
AOS value (excluding the metallic contribution) is 4.18, which is typical 
for Type I MoOx.

The spectrum of the re-anodized to 180 V PAA-free film (Fig. 5d) is 
composed of the same oxide components; Mo0 is not present, however. 
The distribution of cations is only slightly different. The amount of Mo3+

is higher than that of Mo4+, which is the opposite of the anodized 
sample. With an AOS of 4.01, the oxide is of Type I MoOx. The absence of 
the Mo0 doublet implies the full consumption of the alloy around the rod 
roots during re-anodizing to 180 V.

The re-anodized PAA-half-etched film (Fig. 5g) exhibits a substantially 
different Mo 3d pattern: the Mo6+ doublet becomes significantly more 
intense, reflecting a substantial increase in the AOS value (4.63), which 
renders the oxide Type II MoOx. Such a difference between the PAA-free 
and PAA-half-etched re-anodized films (Fig. 5d and g) is explained by a 

Fig. 4. Cross-sectional, 3D, and surface SEM views of anodic films synthesized from (a–c) an Al/Mo-19at.%Nb bilayer via the anodizing/re-anodizing in 0.2 M 
sulfuric acid at 25/105 V, as in Fig. 2a and b, (d–f) an Al/Mo-39at.%Nb bilayer via the anodizing/re-anodizing in 0.2 M H3PO4 (phosphoric acid) at 150/400 V, and 
(g–j) an Al/Mo-39at.%Nb bilayer via the anodizing/re-anodizing in 0.6 M CH2(COOH)2 (malonic acid) at 135/400 V. The images in (b–j) were recorded after the PAA 
had been dissolved. All undefined scale bars are 200 nm in length.
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higher degree of oxide reduction in the bottom layer than in the rods’ 
surface. Fig. 6a illustrates the trend of increasing the AOS value from the 
PAA-free to PAA-half-etched films synthesized from various alloys in the 
OX and SU electrolytes.

The only deviation from the described trend appears to be the case of 
Mo-90Nb alloy (see Mo 3d spectra in Fig. S4). The PAA-free film syn
thesized from this alloy contains Type II MoOx (AOS 4.75) while the 
PAA-half-etched film contains even more oxidized Type III MoOx with 
the highest AOS value of 5.48. These features, combined with the 
highest Nb content in the mixed oxide, may help adjust the electronic 
properties of PAA-assisted Nb2O5-based nanostructures doped with 
minor amounts of MoOx for specific applications in electronics, which 
may be the subject of future work.

3.3.2. Niobium oxides
The Nb 3d spectra of the anodic films synthesized from the Mo-19Nb 

alloy in the OX electrolyte (Fig. 5b,e, and h) appeared typical for all the 
alloys, including the Mo-90Nb case. The surface of the anodized sample 
(Fig. 5b) contains a dominating amount of Nb2O5 and a small portion of 
Nb0. The Nb◦ component, ~3 % of all Nb species in the spectrum, is 
attributed to the alloy residues surrounding the bases of the nanobulges 
(in agreement with the corresponding Mo 3d spectrum). The re- 
anodized PAA-free film (Fig. 5e) does not contain Nb0 at the surface, 
because the bottom oxide fully covers the remaining alloy. However, the 
film contains Nb2O5 mixed with NbO2; the presence of ~10 % Nb4+ is 
noted for the re-anodized films derived from various alloys, resulting in 
an AOS of Nb = 4.90. In contrast, the PAA-half-etched films (Fig. 5h) 
contain stoichiometric Nb2O5, without any suboxides. This means that 
the NbOx suboxides reside solely in the bottom oxide layer.

3.3.3. ‘Doping’ with alumina
The surface of the anodized PAA-free film synthesized from the Mo- 

Fig. 5. Experimental and curve-fitted narrow scan (left column) Mo 3d, (middle column) Nb 3d, and (right column) Al 2p XP spectra of anodic films synthesized from 
an Al/Mo-19at.%Nb bilayer via (a–c) the anodizing in 0.6 M oxalic acid at 45 V as in Fig. 2c followed by PAA dissolution, (d–f) re-anodizing to 180 V followed by 
PAA dissolution, (g–i) re-anodizing to 180 V followed by partial PAA dissolution (PAA-half-etched film), and (j–l) re-anodizing to 180 V followed by annealing in 
vacuum (10− 5 Pa) and PAA dissolution. The peak positions, FWHMs, and atomic concentrations are summarized in Table S1.
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19Nb alloy (Fig. 5c) contains, in addition to Al3+ and Al3+–OH, about 12 
% Al0, which is due to a thin systematic network of non-anodized 
aluminum covering the alloy residues, as discussed in Section 3.2. The 
Al 2p spectrum of the re-anodized PAA-free film (Fig. 5f) has no Al◦

contribution, which implies that the aluminum residues were fully 
oxidized during the re-anodizing. The spectrum of the PAA-half-etched 
sample (Fig. 5i) also contains a minor amount of Al3+–OH coordina
tion. The amount of Al3+ at the surface of the OX nanorods ranges from 
45 to 80 at. % (giving at. %(Al+Nb+Mo) = 100 %). The presence of 
alumina in the outer layer of metal-oxide nanorods seems typical for 
PAA-assisted anodizing of pure, mixed, or laminated metals reported to 
date (N-doped TiO2 [38], Se-doped Nb2O5 [39], Se-doped ZrO2 [26], or 
Mo-Nb oxide [16]), and it will receive detailed consideration in relation 
to the electronic properties of the nanoarrays developed in the present 
study.

3.3.4. Heat-driven modifications
The Mo 3d spectra of the air- and vacuum-annealed PAA-free films 

synthesized from Mo-19Nb alloy in the OX electrolyte appeared sur
prisingly comparable; the spectrum of the vacuum-annealed sample is 
shown in Fig. 5j. A few differences are noted when comparing with the 
as-prepared films. These are a substantially larger content of Mo6+

relative to the lower-valency cations, the presence of crystalline MoO2 
(~15 %), associated with the lowest binding energy doublet (see ESI for 
more details) [40,41], and an amount of Mo6+–OH(H2O) coordination 
in a hydrated MoO3 oxide after the annealing. From Fig. S5, it is assumed 
that the bottom layer of the annealed films comprises a noticeable 
amount of crystalline MoO2 (~60 %), while the rods grow in a fully 
amorphous manner, as follows from the spectrum of the annealed 
PAA-half-etched film (not shown). There is still a substantial contribu
tion of Mo5+, Mo4+, and Mo3+ doublets to the recorded Mo 3d spectrum 

of the annealed films (Fig. 5j). The AOS value of Mo rises to 5.07 and 
5.17 in the vacuum- and air-annealed films, respectively (Type III 
MoOx), meaning a substantial oxidation of the oxides due to the 
annealing (Fig. 6a).

The Nb 3d spectra reveal that the surface layer of the PAA-free 
vacuum-annealed film (Fig. 5k), similarly to its as-prepared counter
part (Fig. 5e), contains a dominating amount of Nb2O5 mixed with a 
minor amount of NbO2. However, the content of Nb4+ species in the 
vacuum-annealed film is tenfold lower (~1 %) than in the as-prepared 
film (10 %) and somewhat lower than in the air-annealed film (3 %). 
From this comparison, the niobium oxide at the film surface becomes 
more oxidized due to high-temperature annealing in air, and particu
larly in vacuum.

In the Al 2p spectra, the contribution of Al3+–OH coordination in
creases substantially, up to 50 at. %, upon annealing (see Fig. 5l for the 
vacuum-annealed sample as the representative case).

3.3.5. Quantitative analysis of Mo content
Based on the above considerations, the surfaces of the anodic films 

made in the OX and SU electrolytes comprise MoOx mixed with varying 
amounts of NbOx. Quantitative analysis of the Mo 3d and Nb 3d narrow 
spectra recorded for the PAA-free and PAA-half-etched anodic films 
formed from the various alloys in both electrolytes is summarized in 
Fig. 6b. The common trend is that the Mo content at the film surface 
increases in the following sample order: re-anodized PAA-half-etched <
re-anodized PAA-free < anodized PAA-free films. The highest amount of 
Mo (92 at. %, giving at. %(Mo+Nb) = 100 %) was measured at the 
surface of the SU anodized sample derived from the Mo-5Nb alloy. 
Notably, no change in the Mo content was found in the re-anodized PAA- 
free anodic films with annealing in air and vacuum.

Fig. 6c shows the correlation between the Mo content in the alloys 

Fig. 6. Comparative analysis of the anodic films prepared in 0.6 M oxalic and 0.2 M sulfuric acid electrolytes. (a) An average oxidation state (AOS) of Mo cations in 
the anodic films derived from Mo-Nb alloys with various Mo contents, as depicted below the x-axis. (b) Mo content (Mo + Nb = 100 at. %) in the anodic films derived 
from various Mo-Nb alloys, as depicted below the x-axis. The last points show the Mo contents in the corresponding alloys. (c) Mo content in the anodic films vs. Mo 
content in the corresponding alloys.
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and the Mo content at the surface of various re-anodized PAA-free films 
prepared in the OX and SU electrolytes. From Fig. 6c, the surface con
tents of Mo in the anodic oxides are somewhat lower than in the cor
responding alloys. The only exception is the film derived from the Mo- 
90Nb alloy, which reveals a higher Mo content (14 at. %) than the 
precursor alloy (10 at. %).

3.3.6. A look inside the rods
The experiment described below aimed to reveal the oxide compo

sition solely within the rods, excluding the surface of the rods. Two re- 
anodized PAA-inbuilt anodic films, which were formed in the OX elec
trolyte under the same conditions from Mo-19Nb and Mo-39Nb alloys, 
were examined by XPS. The effectiveness of this approach in analyzing 
the inner composition of the PAA-inbuilt nanorods has been justified in 
our previous work. The narrow-scan Mo 3d–Nb 3d XP spectra of the two 
films are presented in Fig. 7. The insets explain the analysis performed.

The combined Mo 3d–Nb 3d spectrum of the Mo-19Nb-based anodic 
film (Fig. 7a) discloses the presence of both Mo and Nb in the amounts of 
65 and 35 at. %, respectively, at the rod tops. In contrast, no Mo is found 
in the Mo-39Nb-based anodic film (Fig. 7b, see the ESI for further de
tails). It is assumed that NbOx-rich ‘nanocaps’ form on the rods derived 
from the Mo-39Nb alloy, originating from apparently faster migration of 
Nb cations relative to Mo cations in the mixed oxide during the re- 
anodizing of this alloy. However, the Nb content in the Mo-19Nb alloy 
is probably too low and, therefore, insufficient to enable a competitive 
migration of Nb cations and the formation of NbOx-rich regions at the 
rod tops. The Mo-19Nb-based film (Fig. 7a) contains MoOx reduced even 
more than Type I (AOS 3.54), which differs from the corresponding PAA- 
half-etched sample, having Type II MoOx (AOS 4.63, see Fig. 5g). 
Moreover, the relatively high Mo content at the rod tops (65 at. %) 
suggests that the rods derived from the Mo-19Nb alloy rather have a 
uniform composition along their length. It is assumed that the reduced 
MoOx resides inside the rod cores, while the more oxidized MoOx is 
allocated on the surface. The Nb2O5 detected at the rod tops and likely 
residing inside the rods and at their surface is a defectless stoichiometric 

Nb2O5, which is mixed with MoOx.

3.3.7. Reaching the record high Mo content
The SU electrolyte appeared to be the only solution for challenging 

anodizing of Mo-Nb alloys with a Mo content as high as 95 at. % (Fig. 8a 
and b). The Mo 3d, Nb 3d, Al 2p, and S 2p spectra of anodic films syn
thesized from the Mo-5Nb alloy in the SU electrolyte are shown in part in 
Fig. 8 and in full in Fig. S6. Generally, the recorded narrow-scan spectra 
of all films made in the SU electrolyte appeared similar to those made in 
the OX electrolyte. Typically, the analysis confirmed the presence of 
similar Types of MoOx, NbOx, as well as Al2O3, and Al–OH coordination 
in the corresponding parts of the SU film. The common trends in the 
evolution of chemical compositions and bonding states of the oxides 
formed in both electrolytes are seen in the plots of Fig. 6a and b, which 
summarize the XPS results collected for various Mo-Nb alloys. Most 
significantly, the Mo content detected at the surface of the re-anodized 
PAA-free SU film is 88 at. %, which is the highest achieved in this 
study after re-anodizing (Fig. 8c and Fig. S6, upper row).

In addition, the surface of the SU nanoarrays contains sulfur, in the 
amount of 0.5–1.5 at. % (giving at. %(S+Al+Mo+Nb) = 100 %), as 
shown in the representative S 2p spectrum in Fig. 8d. The presence of 
sulfur is also seen in the Mo 3d spectra as the S 2s peak of sulfate anions 
(234.0±0.2 eV), whose contribution is more considerable in the spectra 
of the PAA-half-etched films (Fig. S6e, the S 2s peak was subtracted for 
calculating Mo contents).

The vacuum- and air-annealing produced a similar impact on the SU 
and OX films in terms of Mo to Nb ratio, oxidation degree of Mo and Nb 
oxides, formation of crystalline MoO2 (30 %), and high contribution of 
Al3+–OH coordination, as follows from the analysis of XP spectra in Fig. 
S6, lower row. The difference, however, was in the amount of alumina at 
the rods’ surface, which appeared unexpectedly low (35 at. %, giving at. 
%(Al+Mo+Nb) = 100 %) upon the annealing of the re-anodized SU 
anodic films.

Summarizing the XPS results and their interpretation: (a) The surface 

Fig. 7. Experimental and curve-fitted narrow-scan Mo 3d – Nb 3d XP spectra of 
PAA-inbuilt anodic films derived from (a) Mo-19at.%Nb alloy and (b) Mo-39at. 
%Nb alloy. Both films were synthesized via PAA-assisted anodizing in 0.6 M 
oxalic acid at 45 V, followed by re-anodizing to 300 V.

Fig. 8. (a, b) SEM images of an anodic film synthesized via anodizing/re- 
anodizing an Al/Mo-5at.%Nb bilayer in 0.2 M sulfuric acid at 25/105 V fol
lowed by selective PAA dissolution. (c, d) Experimental and curve-fitted nar
row-scan Mo 3d and S 2p XP spectra of the film, confirming the highest 
achieved Mo content in the re-anodized film and the presence of sulfate.
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layer of the oxide nanostructures is composed of molybdenum oxides 
with various Mon+ cations (n = 6 to 3), Nb2O5 full oxide, NbO2 suboxide, 
and Al2O3 mixed at the atomic level. (b) The oxides inside the rods and 
the bottom layer are alumina-free and more reduced than the oxides at 
the rods’ surface. (c) A network of Al superimposed on the Mo-Nb alloy 
remains unoxidized in the anodized samples; it is gradually consumed 
during the re-anodizing. (d) The surface Mo content in the oxides sys
tematically increases with Mo content in the corresponding alloys and 
can reach 92 at. % in the SU nanostructures. (e) The migration rate of Mo 
cations in the mixed oxides increases relatively to that of Nb cations with 
increasing Mo content in the alloy above ~61 at. %, allowing MoOx to 
grow up to the rod tops. (f) The vacuum- and air-annealings make the 
substoichiometric molybdenum oxides substantially more oxidized and 
promote at least partial crystallization of molybdenum oxide in the 
bottom layer, which will be explored in detail in the following section.

3.4. Crystal structure of the alloy and oxide

The samples for XRD analysis were prepared by PAA-assisted anod
izing of Mo-19Nb alloy in the OX electrolyte at 45 V, followed by re- 
anodizing to 300 V and annealing in air or vacuum at 550◦C for 2 h. 
Fig. S7 shows the individual 2D and extracted conventional as-recorded, 
calculated, and difference diffractograms of the films. The crystal 
structures for all phases were identified using the ICDD and ICSD da
tabases (FIZ, 2015). The main refinement parameters, details of the XRD 
line profiles, and the results of quantitative phase analysis are provided 
in the ESI. Fig. 9 compares the conventional diffractograms of each 
sample.

The anodized and re-anodized films (Fig. 9, two upper diffractograms) 
contain a polycrystalline Mo-Nb alloy phase, Im3m space group, crys
tallite size of 35 and 25 nm, respectively, <110> preferred orientation, 
which remains unoxidized below the anodic-oxide layers. The fitted cell 
dimension (a = 3.181 ± 0.001 Å) falls between the values for pure Mo 
and Nb metals, yielding 21.0 ± 0.5 at. % Nb, which is in good agreement 
with the XPS-determined composition of the sputter-deposited Mo-19Nb 
alloy. The integrated intensity of the dominating (110) peak decreases in 
the re-anodized sample, apparently due to the thinning of the alloy layer 

during the re-anodizing process. The relatively larger crystallite size of 
the alloy in the anodized sample may be explained by the uneven dis
tribution of crystallites across the alloy thickness: Smaller crystallites 
form closer to the substrate surface while the larger ones grow with the 
thickening of the alloy during the magnetron sputter-deposition, as 
noted elsewhere [42].

An amount of Al detected in the anodized sample (22 wt. %, crys
tallite size 15 nm) is associated with the aluminum residues surrounding 
the nanobulges. Since Al is not present in the re-anodized sample, the 
aluminum network was consumed during re-anodizing to 300 V, which 
is in agreement with the SEM and XPS results. Notably, totally amor
phous oxides form during both anodizing and re-anodizing treatments 
under the selected electrical and electrolytic conditions.

The diffractograms of the vacuum- and air-annealed re-anodized films 
(Fig. 9, two lower patterns) reveal the presence of the same poly
crystalline Mo-Nb alloy phase, which, however, is composed of signifi
cantly smaller nanocrystallites (~4 nm) with a substantially higher Nb 
content (41±1 at. %) relative to the non-annealed samples. These fea
tures are manifested by the broader (110) peak shifted to lower 2θ an
gles. Paradoxically, the integrated area of the (110) reflection is two-fold 
smaller in the annealed films than in the as-reanodized film, even 
though the SEM-determined thickness of the remaining alloy layer (~90 
nm) seems unchanged after the annealing in both atmospheres. The 
seeming contradiction between the thickness of the remaining alloy and 
the shrunken area of the (110) reflection in the annealed samples will be 
explained in Section 3.5.2 with reference to the features of the film 
formation mechanism.

Furthermore, the monoclinic MoO2 phase (P21/c space group) in an 
amount of 50 wt. % is well identified in both vacuum-annealed and air- 
annealed films (crystallite size 29 and 18 nm, respectively); the refine
ment process is detailed in the ESI. No niobium-oxide phases are 
detected in the annealed films at the XRD resolution available. Since all 
the NbOx phases in the ICSD database possess crystal structures dis
similar to monoclinic MoO2, mixing the two crystalline oxides at the 
atomic level is highly unlikely, and only a minimal substitution of Mon+

with Nbn+ might take place. Such mixing would be accompanied by a 
slight increase in cell parameters due to the different atomic radii of Nb 
(142 pm) and Mo (136 pm). As the average cell volume of monoclinic 
MoO2 in the two annealed samples (131.0±0.1 Å3) is even smaller than 
the average value reported in the ICDD database (131.8 Å3), it is 
improbable that the monoclinic MoO2 found in the annealed samples is 
mixed with NbOx in an amount worth considering. Most likely, the 
MoO2 nanocrystallites are separated from the niobium oxide and 
dispersed in an amorphous MoOx-NbOx matrix.

Generally, a similar trend in the alloy consumption and crystal-phase 
formation during re-anodizing and annealing was also revealed for the 
films synthesized from Mo-39Nb and Mo-5Nb alloys in the OX and SU 
electrolytes, respectively; minor differences are discussed in the ESI.

3.5. Film formation mechanism

3.5.1. Electrochemical aspects
It should be noted that, although several valve metals have been 

processed via PAA-assisted anodizing [35,43–47], there have been no 
reports on the success of this approach with molybdenum. Due to oxide 
instability [48,49], complemented by field crystallization [50], a slow 
migration rate of Mo cations [51], and an induction period in molyb
denum anodizing [36], the PAA-controlled growth of solid oxides on Mo 
has been impossible. On the other hand, the relative migration rate of 
Mon+ ions in a mixed oxide may change substantially, and even a minor 
addition of the second metal oxide might reportedly stabilize the 
growing anodic oxide [52,16]. Based on the SEM, XPS, and XRD results 
and their interpretation, we propose a model of oxide growth during the 
PAA-assisted anodic oxidation of Mo-Nb alloys with prevailing Mo 
content. The model will be represented by the Al/Mo-19Nb bilayer due 
to the challenging (critically low) content of Nb in this alloy, which still 

Fig. 9. Comparative X-ray diffractograms of anodic films synthesized from Mo- 
19at.%Nb alloy via PAA-assisted anodizing in 0.6 M oxalic acid at 45 V, fol
lowed by re-anodizing to 300 V, annealing the re-anodized film in vacuum 
(10− 5 Pa) at 550◦C for 2 h, or annealing the re-anodized film in ambient air at 
550◦C for 2 h. The PAA layers had been dissolved from each sample before the 
analysis was carried out.
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allows PAA-assisted anodizing in the OX electrolyte and results in a high 
Mo content in the anodic oxide.

First, the upper Al layer (Fig. 10a) is transformed into a PAA layer. 
Once the PAA barrier layer touches the alloy, which is reflected by the 
beginning of current decay in Fig. 2c, the dot-like growth of Mo-Nb 
mixed oxide begins at the PAA barrier layer/alloy interface, as re
ported for anodizing Al/Nb [35] and Al/Ta [19] couples and suggested 
in the left inset of Fig. 2c. During the current decay, the growing anodic 
oxide on the Mo-Nb alloy penetrates the PAA barrier layer and pushes its 
way outward, filling the narrow channels that form in the PAA barrier 
layer due to its partial local dissolution under the field. The formation of 
nanobulges (Fig. 10b) occurs due to the same reasons as reported else
where [35]. A feature worth considering is the presence of pro
tuberances from the tops of the bulges. They likely form during the 
current rise, which follows the current decay owing to enhanced 
dissolution of the anodic oxide that forms during the current rise. At the 
end of the anodizing stage, the aluminum residues are still present in the 
form of a continuous network surrounding the nanobulges. The forma
tion of such a network is explained by the significant difference in ionic 
resistances between alumina and niobium (or molybdenum) oxides [26,
35,53].

During re-anodizing, the remaining aluminum network is gradually 
consumed, while the alloy continues to oxidize, and the mixed-oxide 
nanorods grow outward within the pores (Fig. 10c). The Al consump
tion competes with further oxidation of the alloy, resulting in the 
expansion and merging of the bottom oxide area into a continuous 
bottom layer. With increasing re-anodizing voltage, the oxide/alloy 
interface loses its concave-like morphology and becomes relatively flat 
at ~220 V (Fig. 10d) and completely flat at 300 V (Fig. 10e). Two re
gions can be distinguished within the oxide nanorods: the inner one that 
forms solely inside the pores and the outer one that forms partly mixed 
with the PAA cell wall. The outer region forms due to the concurrent 
migration of Mon+ (n = 3–6) and Nb5+ cations [19,35] in the PAA cell 
walls. The degree of mixing of the molybdenum and niobium oxides 
with Al2O3 in the PAA cell walls depends on the cell wall composition 
and its dissolution during the oxide growth [54]. As a result of the 
multi-cation migration in the ‘pre-formed’ alumina, the outer layer of 
the oxide nanorods comprises molybdenum oxides (Mo6+, Mo5+, Mo4+, 

and Mo3+), stoichiometric Nb2O5, and Al2O3 mixed at the atomic level 
(Fig. 10e).

In contrast with the rods’ surface, the inner oxide is free from 
alumina; it is composed of a mixture of relatively more reduced mo
lybdenum oxides (AOS ~3.5) and stoichiometric Nb2O5 because it forms 
exclusively via migration of the Mo and Nb cations in a pure Mo-Nb 
anodic oxide within the pores. The smooth formation of pure Mo-Nb 
mixed oxides within the pores is a unique phenomenon, as oxide 
growth on the Mo-19Nb alloy is not possible without a superimposed Al 
layer. The achievement is likely due to the oxide confinement within the 
nanosized PAA pores. Moreover, the narrower the pores become, the 
higher the Mo content can be afforded in the alloy that allows anodizing 
(Fig. 1).

The bottom oxide layer also contains significantly reduced molyb
denum oxides (AOS of Mo ~3.5 at the surface) and niobium oxides (AOS 
of Nb ~4.8). It is estimated that the Mo content may be as high as 90 at. 
% inside the bottom layer (giving at. %(Mo+Nb) = 100 %), which forms 
entirely by the inward migration of O2− anions. The oxide composing 
the rod outer layer is relatively more oxidized (AOS of Mo 4.6), but it 
contains less Mo, averaging around 60 at. %. This is likely because 
partial electrochemical dissolution of the oxide occurs during the re- 
anodizing and, under the high electric field, some Mo cations are 
expelled in the electrolyte without meeting oxygen anions at the elec
trolyte/oxide interface and, therefore, not contributing to anodic oxide 
growth, as typically occurs during anodic oxidation of aluminum [55] 
and other valve metals [56,57]. The PAA-assisted anodizing of molyb
denum is more complex because of the specific molybdenum solution 
chemistry [58]. Since the anodizing electrolyte has an acidic pH, the 
expelled and dissolved Mo cations may participate in the formation of 
stable negatively charged polyoxometalates, such as the Lindqvist hex
amolybdate, Mo6O19

2− [59] or the Keggin’s polyoxoanion, P[Mo12O40]3−

[60,61]. Various negatively charged polyoxomolybdates might be 
adsorbed on the surface and get incorporated in the growing oxide under 
the high electric field, which makes the material of the rod cores less 
dense and more hydrated. With reference to our early work on 
PAA-assisted anodizing of tungsten [43], where some polyoxotungstates 
[62] were found inside the WOx nanorods, it is assumed that the pro
tuberances marked in Fig. 3a comprise polyoxomolybdates, and their 

Fig. 10. The model of film growth: (a) the sputter-deposition of Al/Mo-19at.%Nb bilayer, as an example, (b) the anodizing of Al in 0.6 M oxalic acid at 45 V, 
finishing with the formation of nanobulges at the PAA/alloy interface, (c, d, and e) the re-anodizing to respectively 160, 220, and 300 V to grow oxide nanorods and 
the bottom-oxide layer of increasing thicknesses, (f) the annealing in vacuum (10− 5 Pa, 550◦C, 2h), and (g) the annealing in air (550◦C, 2h).

A. Mozalev et al.                                                                                                                                                                                                                                Applied Surface Science Advances 32 (2026) 100950 

11 



shape is due to partial peripheral oxide dissolution inside each pore.

3.5.2. Paradoxical heat-treatment effect
All the anodic oxides composing the anodized and re-anodized films 

are entirely amorphous. The complex impact of the heat treatment on 
the alloys and anodic films deserves special consideration. Taking into 
account the quantitative XRD and XPS data analysis, complemented by 
the cross-sectional SEM observation, we propose the following mecha
nism. Although the annealing under the selected conditions (550◦C for 2 
h) does not impact the thickness of the remaining alloy, a small fraction 
of the alloy is, nevertheless, partially oxidized along the alloy grain 
boundaries. The preferential oxidation of Mo accompanies this process, 
while the Nb leaves the oxide and dissolves in the remaining alloy layer. 
This happens because the bond energy of O–Mo is higher than that of 
O–Nb (359 vs. 328 kJ/mol), resulting in a higher affinity of Mo for ox
ygen. Therefore, the intergranular thermal oxide is almost pure and 
likely amorphous MoOx. The unoxidized fraction of the alloy becomes 
enriched with Nb, which induces its recrystallization at the applied 
temperature, resulting in a shrinking of the crystallite size to ~4 nm. The 
suggested structure of the alloy layer after annealing is depicted in 
Fig. 10f and g. A combination of factors, including phase separation and 
preferential thermal oxidation of Mo, reduction of alloy volume, and 
weakening of the preferred orientation in the alloy (see ESI), explains 
the paradoxically decreased integrated area of the (110) reflection of the 
Mo-Nb alloy phase after annealing.

The source of oxygen for the oxidation of grain boundaries is 
assumed to be O2− anions from the bottom oxide, participating in the 
following reactions: 

O2− → O0 + 2e− (oxidation of O2− anions in the bottom oxide)       (1)

Mon+ + e− → Mo(n− 1)+ (reduction of MoOx in the bottom oxide by the 
generated electrons)                                                                      (2)

Nb5+ + e− → Nb4+ (reduction of Nb2O5 in the bottom oxide by the 
generated electrons)                                                                      (3)

O0
oxide → O0

metal (oxygen atom diffusion from the bottom oxide into the 
alloy grain boundaries)                                                                  (4)

Mo + O0 → MoIIO (preferred oxidation of Mo along the grain bound
aries)                                                                                            (5)

Furthermore, the amorphous oxide in the bottom layer of the re- 
anodized sample (Fig. 10e) contains approximately 10 at. % Nb and 
undergoes a phase separation during the annealing: Nbn+ cations diffuse 
away from nanosized local areas, which become MoO2 nanocrystals, and 
form an amorphous oxide matrix with about 20 at. % Nb, as shown in 
Fig. 10f and g. The driving force for this process is the favored formation 
of MoO2 nanocrystals. The bottom oxide becomes thicker and more 
oxidized due to air annealing (AOS of Mo increases from ~3.5 to ~4.7; 
the amount of Nb4+ cations decreases from ~20 % to 2–5 %), indicating 
an uptake of oxygen from the ambient atmosphere. The nanorods 
remain amorphous after annealing, and their surface also becomes more 
oxidized compared to the as-reanodized samples (AOS of Mo increases 
from ~4.75 to ~5.55); they are still more oxidized than the bottom 
oxide is.

The paradoxical oxidation of the anodic films due to the annealing in 
vacuum can be explained as follows: Under the heat, the O2− anions in 
the molybdenum oxides inside the rods and in the bottom layer are 
oxidized into O atoms and electrons, according to Eq. 1. The released 
electrons reduce the corresponding oxides (Eqs. 2 and 3), whereas the 
formed O atoms diffuse, due to the low residual pressure, from inside 
toward the film surface, where they further oxidize the sub
stoichiometric oxides: 

MoV
2O5 + O0 → 2MoVIO3 (oxidation of Mo oxide by O atoms)          (6)

2NbIVO2 + O0 → NbV
2O5 (oxidation of Nb oxide by O atoms)           (7)

This vacuum-annealing-related mechanism appears to produce a 
more substantial surface oxidation effect than the classical oxygen up
take during heating in air. Therefore, the surface of the vacuum- 
annealed film becomes more oxidized than the surface of air-annealed 
films. Due to the above reasons, the inner oxides in the vacuum- 
annealed film become more reduced than those in the air-annealed 
film. The disclosed differences in annealing effects may significantly 
impact the electrical and electrochemical properties of the nanoarrays, 
which will be explored in Section 3.6.

3.6. Functional properties and application perspectives

3.6.1. Electrochemical energy storage
The anodic film synthesized via PAA-assisted anodizing of Mo-19Nb 

alloy in the OX electrolyte, followed by re-anodizing to 200 V and 
annealing in vacuum at 450◦C for 3 h, was examined by CV and EIS 
before (PAA-inbuilt) and after (PAA-free) selectively dissolving the 
porous alumina (Fig. 11). The PAA-inbuilt sample (Fig. 11a, blue curve) 
reveals a noticeable anodic current in the first CV cycle (2 μA cm− 2 at 
around − 0.55 V vs. Ag/AgCl), which further increases to 4 μA cm− 2 over 
the following ten CV scans (Fig. S8a). During the cathodic sweep, the 
current rises significantly below − 0.7 V vs. Ag/AgCl, reaching − 10 μA 
cm− 2 at − 1.0 V vs. Ag/AgCl. The cathodic current continues to rise, 
reaching a maximum of − 14 μA cm− 2, with further CV cycles. Such a 
behavior seems relevant to the n-type semiconducting Mo-Nb-based 
anodic oxide residing in the dielectric PAA matrix: A depletion layer 
forms at the tops of the rods under more positive potentials and 

Fig. 11. Comparative electrochemical measurements performed with an anodic 
film first before (blue curves) and then after (red curves) the dissolution of the 
PAA layer. The film was prepared via PAA-assisted anodizing/re-anodizing of 
Mo-19at.%Nb alloy in 0.6 M oxalic acid (45/200 V), followed by annealing in 
vacuum (10− 5 Pa) at 450◦C for 3 h. (a) Cyclic voltammograms recorded at 20 
mV s− 1. (b and c) Experimental (symbols) and fitted (lines) Bode plots obtained 
at OCP for each film: (b) modulus of impedance and (c) phase shift.
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diminishes at negative potentials. The vanishing of the depletion layer 
allows for the incorporation of Na+ or H+ cations into the anodic oxide 
at potentials below − 0.7 V vs. Ag/AgCl [16].

After dissolving the PAA overlayer, a 30-fold increase in the 
measured current is noted for the PAA-free film (Fig. 11a, red curve). 
Obviously, the dramatically increased current in the PAA-free film is 
associated with a 28-fold increase in the effective surface area. More
over, the CV curves change their behavior after the PAA dissolution, 
showing clear signs of pseudocapacitive properties of the anodic film, 
such as a rectangular CV shape, several broad cathodic and anodic peaks 
(C1, C2, A1, and A2, marked in Fig. 11a), and the fulfillment of the 
‘mirror image’ criterion [63] (see for the additional CVs in Fig. S8). The 
peaks are associated with the reversible insertion/extraction of Na+

cations [4,64], while the rise of the cathodic current below − 1.0 V vs. 
Ag/AgCl may be caused by the irreversible hydrogen evolution reaction 
[16].

The semiconducting nature of the nanorods is eventually confirmed 
by the EIS measurements at OCP (− 0.37 and − 0.64 V vs. Ag/AgCl for the 
PAA-inbuilt and PAA-free films, respectively). The Bode plot obtained 
for the PAA-inbuilt sample (blue curves in Fig. 11b and c) is fitted with 
an equivalent electrical circuit containing a CPE and a Warburg 
impedance (inset in Fig. 11c), resulting in a capacitance of 3.5 μF cm− 2 

(18 μF cm− 2 relative to the effective area, Ae, which is ~20 % of the 
apparent surface area). Assuming a relative permittivity εr = 35, the 
calculated thickness of the depletion layer d = 1.8 nm, which is way 
smaller than the thickness of the anodic film (~480 nm). The resistivity 
of the depletion layer is calculated as ρ = Rp,e/d, where Rp,e is the par
allel resistance of the depletion layer related to Ae, resulting in ρ = 0.1 
MΩ cm2 nm− 1. The presence of Warburg impedance is attributed to the 
diffusion of ions within the PAA nanopores [65]. The Mott-Schottky 
measurements (not shown) confirmed that the anodic oxide inside the 
PAA nanopores is indeed an n-type semiconductor with a high donor 
concentration, Nd = ~2 × 1021 cm− 3.

The Bode plot of the PAA-free film (red curves in Fig. 11b and c) 
shows a 300-fold decrease in impedance value, which is even higher 
than one might expect from the increase in the effective surface area. 
Furthermore, the two time constants enable fitting the measured curves 
with an equivalent electrical circuit comprising two CPEs, as shown in 
the inset of Fig. 11c. The first CPE-Rp couple with the higher Rp value 
represents the depletion layer that forms over the entire surface of the 
anodic film, combined with the pseudocapacitance of the film. The 
extraordinarily high measured capacitance of about 10 mF cm− 2, which 
corresponds to ~1.8 mF cm− 2 when recalculated for Ae = 570 %, is 100 
times bigger than that calculated for the PAA-inbuilt anodic film. The 
second CPE-Rp couple, with the lower Rp value, is assigned to the 
Helmholtz layer formed at the electrolyte/oxide interface. The complete 
set of fitted parameters for the PAA-inbuilt and PAA-free samples is 
available in the ESI (Table S5).

From the electrochemical analysis, the entire surface of the PAA-free 
film is a highly doped n-type semiconductor. Moreover, except for the 
tops of the rods (~4 % of the entire surface), the outer layers of the 
protruding parts and the bottom oxide (550 % of the apparent surface 
area), exhibiting distinctive pseudocapacitive properties, are available 
for effective electron transport and surface reactions. The achievement is 
attributed to the high content of MoOx at the surface of the mixed-oxide 
nanorods, which approaches ~90 at. % in the bottom-oxide layer.

Comparing the present result with our previous report on the PAA- 
assisted anodizing of an Nb/Mo laminate [16], a noticeable difference 
is observed: In the previous case, only the rod cores, not the film surface, 
exhibited pseudocapacitive properties, which severely limited the 
energy-related application potential [16]. In the present case, the entire 
surface of the nanoarrays reveals the pseudocapacitive properties. The 
30-fold increase in effective surface area results in a 3 × 103 increase in 
capacitance and a 30-fold higher current collected over the PAA-free 
film surface. Both features, complemented by the compatibility of the 
formation methods with standard micro- and nanofabrication 

technologies, render the films perfect candidates for on-chip ener
gy-storage applications. An in-depth investigation of the pseudocapa
citive properties of the nanoarrays developed in this study, including 
deconvolution of the measured current into the capacitive and diffusive 
contributions and justification of reversible and irreversible electro
chemical processes at the electrode, will be the subject of a detailed 
follow-up investigation.

3.6.2. Gas-sensing performance
The high surface-to-volume ratio of the nanostructured MoOx-based 

anodic oxides, with a large number of reactive sites on their surfaces, 
seemed promising for testing the films as the active layers for chemir
esistive gas sensors. An Mo-9Nb alloy layer was selected for this 
experiment as one of the options with a high Mo content (see Fig. 1). 
Anodizing was carried out in the SU electrolyte (25/105V), followed by 
annealing in ambient air at 550◦C for 5 h. A longer annealing time was 
required to fully oxidize the alloy remaining after re-anodizing below 
the bottom oxide layer. Gas-sensing experiments were conducted in 
ethanol and carbon monoxide diluted with synthetic air by measuring the 
in-plane resistance between two parallel conducting strips on the film 
surface in the presence of each gas (Fig. 12a).

It should be noted that the resistance decreased reversibly with 
increasing temperature from 25 to 300◦C when measured in air without 
any gas (data not shown), a typical behavior for an n-type semi
conductor. As an example, Fig. 12b illustrates a series of normalized 
sensor responses to pulses of ethanol followed by CO pulses at 250 and 
300◦C. The quantitative analysis reveals that the sensor response to 10 
ppm ethanol is fast, with a response time of ~80 s at each temperature, 
while the recovery time is relatively longer and improves with 
increasing temperature. The sensor rapidly reacts to and recovers from 
low-concentration CO, especially at 300◦C. In terms of sensitivity and 
response time to each gas, the present film surpasses the previously re
ported Zr-W mixed-oxide nanofilm [66]. The inverted sensor response to 
CO can be a factor that helps discriminate between the two gases, which 
is beneficial for practical applications. We assume that such an unusual 
response to CO, which is a typical reducing gas [67], occurs due to 

Fig. 12. (a) Schematics of a 3D view and cross-sectional fragment of a micro
chip utilizing a nanostructured anodic film as the active layer for gas-sensing 
tests. The film was synthesized from Mo-9at.%Nb alloy via PAA-assisted 
anodizing/re-anodizing at 25/105 V in 0.2 M sulfuric acid, followed by 
annealing in air at 550◦C for 5 h. (b) Normalized responses of the sensor chip to 
pulses of C2H5OH and CO at 250 and 300◦C. The response is defined as 
(Rgas− R0)/R0, where R0 is the baseline resistance in air, and Rgas is the resis
tance in the presence of a test gas.
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concurrent chemical reactions specific to this nanofilm, which is highly 
enriched with molybdenum oxides-hydroxides. The major revelation 
from the present tests is that the semiconducting nanoarrays derived 
from the Mo-Nb alloy with a prevailing molybdenum content (88 at. % 
Mo) can be an on-chip sensor solution for highly sensitive and possibly 
selective detection of low concentrations of harmful/toxic gases. A 
comprehensive study of the gas-sensing properties of the Mo-Nb mixed 
oxides with variable Mo contents and morphologies is currently un
derway, yielding exciting results that will be reported in a specialized 
paper.

4. Conclusions

The following major conclusions may be drawn from the present 
study. 

1. MoOx-rich nanostructures, such as bulges, columns, and rods, were 
synthesized in the form of self-standing protrusions on a substrate via 
a highly challenging in situ PAA-assisted anodizing of sputter- 
deposited Mo-Nb alloys with a variable Mo content reaching 95 at. 
%. There have been no reports competing with the present 
achievement.

2. The surfaces of the nanostructures typically comprise a dominant 
amount of MoOx with various Mon+ cations (n = 6 to 3) mixed at the 
atomic level with minor amounts of Nb2O5 full oxide, NbO2 sub
oxide, and Al2O3. The latter originates from the PAA pore walls and 
‘serves’ as a shape stabilizer.

3. Upon annealing at 550◦C, the entirely amorphous as-prepared 
anodic oxides undergo a rare phase separation followed by the for
mation of MoO2 nanocrystals dispersed in the amorphous MoOx- 
Nb2O5 solid solution within the bottom-oxide layer.

4. Both the outer and inner oxides in the nanoarrays are highly doped n- 
type semiconductors, with a donor concentration of ~2 × 1021 cm− 3 

upon annealing.
5. From the application perspective, the entire surface of the nano

structured film grown from the Mo-19Nb alloy exhibited distinctive 
pseudocapacitive properties, with a capacitance of ~10 mF cm− 2, 
rendering the film auspicious for integration in on-chip super
capacitors. Moreover, the film proved highly efficient as the active 
layer of a gas microsensor, capable of rapidly detecting low con
centrations of C2H5OH (response time ~80 s) and CO, due to the 
structuring and high surface content of hydrated MoO3 oxide. More 
potential applications are envisioned, such as in biomedicine (anti
bacterial films) or protective coatings (self-cleaning and water- and 
oil-repellent surfaces), as well as electro- and photochromic layers, 
where high-density, rod-like nanomorphologies rich in Mo- 
containing reactive sites are highly sought after [1,13,14].

6. All in all, this work confirms that the challenge of synthesizing fully 
semiconducting arrays of MoOx-based multifunctional nano
structures with a dominant amount of Mo, reaching 92 at. %, and up 
to almost 8 times enlarged effective surface area, has been met. The 
present accomplishments substantially advance the state-of-the-art 
MoOx-based nanomaterials and their fabrication nanotechnologies, 
including those reported in our preceding work [16].
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