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ABSTRACT: We introduce the use of pure molten ortho-
phosphoric acid (0-H;PO,) as an electrolyte for self-
organizing electrochemistry. This electrolyte allows for the
formation of self-organized oxide architectures (one-
dimensional nanotubes, nanochannels, nanopores) on
metals such as tungsten that up to now were regarded as
very difficult to grow self-ordered anodic oxide structures.
In this work, we show particularly the fabrication of thick,
vertically aligned tungsten oxide nanochannel layers, with
pore diameter of ca. 10 nm and illustrate their potential
use in some typical applications.

Ever since the work of Masuda et al., which showed that a
simple but optimized electrochemical anodization approach
can be used to grow in an entirely self-organized manner
vertically aligned one-dimensional (1D) structures,’ electro-
chemical anodizing has found wide interest for the controlled and
defined growth of nanopores and nanotubular oxide arrays.

While Masuda and follow-up work demonstrated that highly
ordered porous alumina can be grown on Al in various aqueous
acidic solutions, other reports on anodization found fluoride
containing solvents (aqueous or organic) capable of forming
highly ordered oxide nanotube structures this first on titanium,”
then on a wide range of metal substrates.”* In parallel, Melody
and Habazaki found that hot glycerol electrolytes™® can provide
another platform to establish self-organizing electrochemical
conditions (leading to ordered oxide nanochannels on various
metals).

In the present work we report on a novel class of a fluoride-free
electrolyte, based entirely on molten pure phosphoric acid, which
enables the formation of highly ordered, high aspect ratio oxide
structures on some elements where self-organizing anodization is
considered most challenging. Examples are 1D oxide structures
formed from W metal and a full range of other oxide/metal
systems such as Nb or Al, as illustrated in Figure 1.

In the present work we focus particularly on WO;, as the
synthesis of such defined WO; channel structures could not be
achieved using other common techniques, such as hydrothermal
processes,”® spray pyrolysis,” sputtering,'® and thermal/e-beam

)

evaporation.
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(scale bars = 500 nm when not otherwise indicated)

Figure 1. SEM images of different anodic oxide films grown in molten
pure 0-H;PO,: WO; nanochannel grown on tungsten foil at S V and 100
°C; Nb,Oj nanochannels grown by anodizing a Nb foil at 10 V and 100
°C; Al,O; nanopores grown by anodizing an Al foil at 40 V and 20 °C.

We first explored anodizing in molten o-H;PO, by an
extensive screening of various parameters (provided in the
Supporting Information). We observed that, namely, voltage,
anodization time, temperature, and water content were of high
importance (the main results are summarized in Tables S1 and
S2). As a result we found the use of pure (nominally water free,
i.e, no added water) molten ortho-phosphoric acid at 100 °C, in a
range of potential of 1-20 V, to be a most suitable range of
conditions for achieving self-organizing anodization.

Under these conditions, the diameter of the anodic films can
be controlled by varying applied voltage, and the channel-layer
thickness by the anodization time. This is illustrated in Figures 2
and 3, which show an optimized anodization approach at SV that
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leads to WO; nanochannels with a mean inner diameter of 10 nm
(see also Figure S1).

(scale bars =200 nm)

Figure 2. SEM images of WO; nanochannel layers fabricated by
anodizing W foils in pure molten 0-H;PO, (100 °C, 1 h) at different
voltages (1-20 V).

(scale bars = 200 nm)
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In regards to the anodizing voltage, we found an applied
potential range of 2.5—10 V to be ideal to form thick and ordered
layers. The corresponding current density (J) vs time profiles
(Figure S3) indicated that steady state current density values in
the range of 0.1-0.6 mA cm™ are required to establish a
controlled oxide growth. For lower anodization voltages (1 V),
only some tens of nm-thick porous layers were formed (with a
current density of only a few yA cm™). Potentials of 15 V or
higher led to significantly less ordered nanochannel layers
(Figure 2, in agreement with too high current density values in
the range of tens of mA cm ™, as shown in Figure S3).

Another key factor is the water content: this is because,
although nominally water-free molten o-H;PO, is used, the key
oxidant is remnant of water. Noteworthy, pure o-H;PO, is
sufficiently hygroscopic to maintain a certain water level in the
electrolyte. In fact, Karl Fischer analysis (see the Supporting
Information for details) demonstrated that the water content of
(nominally) pure 0-H;PO,, molten and heated up to 100 °C, is of
approximately 1.1% (see Figure $4), i.e., limited water content in
the electrolyte is essential to reach a controlled growth of thick
and ordered porous films.

To illustrate the importance of the water concentration we
performed anodization experiments (under otherwise optimized
conditions) during which a relatively little amount of water was
added to the electrolyte (to reach a nominal water content of ca.
0.5 vol %) and by growing anodic films in o-H;PO,-based
electrolytes with different initial (nominal) water contents.

As shown in Figure 4, while water additions up to 2 vol % did
not affect the film structure, larger amounts of water (e.g., 10 vol
%) led to a strong increase of the etching rate (higher solubility of
the anodic oxide) and consequently to a disordered porous film.
Water effects are also apparent from the J—time profile in Figure

Anodization time (h) (scale bars = 500 nm)

Figure 3. (a) Average inner diameter and length of WO; nanochannels
grown in molten pure 0-H;PO, (1 h) at different anodizing voltages (the
boxes on the right show top-view SEM images and pore diameter
distribution for nanochannels grown at 2.5 and 10 V). (b) Average
thickness of WO; nanochannel layers grown in molten pure o-H;PO, for
different anodization times (the boxes on the right show top-view and
cross-sectional SEM images of films grown for 4 and 24 h).

Both diameter and length of the nanochannels linearly
increase by raising the anodizing voltage from 1 V up to 20 V.
Also, for experiments up to 8 h, we found that the layer thickness
linearly increased over the anodization time with an average
growth rate of ca. 025 um h™' (Figure 3b, inset). Most
importantly, these films show over the entire parameter range a
morphology consisting of straight nanochannels with top open
pores. For longer experiments, the thickening of the WO; layers
follows a parabolic trend with anodization time, as etching of the
outermost part of the film becomes noticeable (Figure 3b)."

The electrolyte temperature was found important to establish
an ideal equilibrium between field-assisted passivation and oxide
dissolution (that is a prerequisite for self-ordering anodiza-
tion'*"'¢); in the case of W an optimum is obtained at around 100
°C. At lower temperatures (60 or 80 °C, Figure S2) only a
compact oxide or relatively thin porous layers formed,
respectively, while ca. 0.5 pm-long nanochannels could be
obtained at 120 °C (these showed a considerable etching at the
outermost part of the anodic film due to the faster oxide
dissolution at elevated temperatures).
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Figure 4. J—time profile of an anodization experiment performed on W
foil in optimized conditions (molten 0-H;PO,, SV, 100 °C, 1 h) during
which after ca. 30 min of anodization 100 xL of DI H,0 were added to
the electrolyte (so to reach a “nominal” DI H,O concentration of ca. 0.5
vol %). On the right, SEM images of the obtained structure; SEM images
of WO; nanochannel films grown in 0-H;PO,-based electrolytes with
initial nominal water content of 2 and 10 vol % (5V, 100 °C, 1 h).
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4 where a sharp positive spike is observed at the time of water
addition. This reflects a sudden acceleration of oxide dissolution.
However, in the case of small amounts of added water, the
current density typically recovers in a few minutes to a steady
state value and the anodization experiment finally leads to a
highly ordered structure (Figure 4, SEM images on the right
side). These results can be explained by assuming that relatively
small amounts of added water can rapidly evaporate from the hot
0-H;PO, electrolyte, so that the electrolyte reaches at the
equilibrium a limited water content.

Typical WO, porous films (as those shown in Figures 2—4)
were characterized in view of their composition and structure.
As-formed anodic films were in every case amorphous, as evident
from XRD, HRTEM, and SAED data in Figure Sab. The
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Figure 5. (a) XRD, (b,c) TEM, and (d) XPS characterization of
nanochannel layers grown by anodization in pure molten o-H;PO, at §
V and 100 °C. (a) XRD patterns of as-formed and annealed layers
(annealing temperature in the 250—650 °C range, air, 1 h); (b,c)
HRTEM images and SAED patterns (insets) of (b) as-formed and (c)
annealed (450 °C) films; (d) XPS survey spectra of as-formed and
annealed films.

conversion into crystalline structures could be obtained by a
thermal treatment in air. Crystallization into monoclinic WO,
could be achieved by annealing at 350 °C (Figure Sa)."’~** For
layers annealed at 450 °C we observed significantly more intense
reflections, ascribed to a higher crystallinity. The crystallization
of these layers was further confirmed by clearly visible lattice
planes of crystalline WO, in the HRTEM image (Figure Sc).
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Also, the SAED pattern showed a 4-fold symmetry with d spacing
0f 3.86,2.70,1.93,and 1.69 A corresponding to the (002), (022),
(004), and (042) planes of monoclinic WO;.*° Higher
temperatures led to significant sintering and collapse of the
nanochannels (Figures S5—S7).

XPS analysis of both as-formed and annealed layers confirmed
the formation of WO, (Figure 5d), with the W 4f,, and W 4f; ,
peaks centered at 36.71 and 38.91 eV (in line with the
Iiteraturem), and a W/O ratio of ca. 1:3.4. Additionally, XPS
analysis revealed the presence of P (ca. 1.1 at %) in both as-
formed and annealed films (Figure S8).>* These results are well
in line with those provided by EDX measurements, which
revealed P contents of ca. 1.1—1.2 at % (Figure S9), and are thus
indicative of the formation of WO;—PO, adsorbates at the
interface (a PO,-terminated surface of the oxide might also be the
reason for the relatively large O/W atomic ratio compared to
stoichiometric WO,).

Overall, it can be concluded that the key role of the molten
phosphate electrolyte is 2-fold: (i) it provides an environment
with controlled and limited water content, and (ii) it provides
phosphate ions that protect the WO, layer from rapid
dissolution. In fact we explored different phosphate sources
and found that also other phosphorus-containing acids, namely,
hot (nominally pure) pyro- and polyphosphoric acids are also
suitable electrolytes for the growth of such ordered porous WO,
structures (Table S3 and Figure S10).

Because of its electronic and optical properties, WO; has
received large attention in the last decades in scientific and
technological fields:** among other applications, it has been
investigated as photocatalyst,”* to fabricate electrodes for
electrochromic devices,”>*® and for photoelectrochemical cells
(i.e., water splitting),”” and it has been intensively studied also for
its gas-sensing properties.13’28_30 In these applications, such a
WOj; nanochannel structure, with its highly defined geometry,
can represent a key for obtaining improved performance owing,
namely, to advantageous directional charge transfer, enhanced
gas diffusion, and ion intercalating geometry, in comparison to
devices fabricated from classical powder assemblies.

To illustrate a possible technological application, we fabricated
from our WO; nanochannel layers H, gas-sensors (see the
Supporting Information). In comparison to previous literature
reports on WO5-based sensors (Pt- or Pd-decorated) showing
reliable detection of H, only down to a concentration of ca. 40
ppm at room temperature®' or down to 5 ppm at 250 °C,*® our
Pt-contacted structures show nearly two-orders (80-times) and
one-order of magnitude lower limits of detection, respectively
(see Figure S14). Other applications may be especially in the field
of catalysis and for fabricating photoelectrochemical devices
(photoanodes, Figure S15).

In summary, in the present work we introduced a new
anodization approach, based on the use of hot pure phosphoric
acid as anodizing electrolytes, to form highly self-organized
nanochannel structures of WO; and also of various other metal
oxides including Al and Nb oxides. We showed that this effect is
not only limited to pure hot ortho-phosphoric acid but also can be
achieved using pyro- and polyphosphoric acids. The functionality
and potential technological usefulness of the anodic porous films
grown by this method were also briefly illustrated by fabricating
highly sensitive H, gas-sensors.
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