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Nanoporous tungsten oxide (WO;), with pores of 50 to 100 nm in diameter, has been
obtained by galvanostatic (constant-current) anodization of tungsten in a 0.25 M oxalic
acid electrolyte. At room temperature, the optimum current density for nanoporous
formation is approximately 6.5 to 8 mA/cm?. Monitoring of the anodization voltage
during the fabrication process reveals a close match with the theoretical model of
Parkhutik et al. [V.P. Parkhutik and V.I. Shershulsky, J. Phys. D 25, 1258 (1992)] for
growth of nanoporous Al,O;. The as-anodized films are amorphous and crystallize
upon annealing at 350 °C in an oxygen atmosphere.

Tungsten oxide (WO;) has been receiving consider-
able attention in recent years for its NO,, CO, and H,S
gas sensing properties'> as well as for use in electro-
chromic,* ' photochromic,'"'# and transparent conduct-
ing electrode applications.'>'* To date, many different
processing methods including sol-gel,*™ thermal'® and
e-beam® evaporation, sputtering,'>'® spray pyrolysis,'’
pulsed laser deposition,' colloidal chemistry,'" and poly-
mer-templating’ have been used to fabricate tungsten ox-
ide thin films and nanostructures. Sun et al.'' reported
nanocrystalline WOj; thin film preparation by a colloidal
chemistry route. Both Badilescu et al.’ and Aliev et al.
attempted fabrication of nanoporous WO; by sol-gel syn-
thesis using nanoparticle templates; the structures ob-
tained consisted of agglomerations of nanometer-size
grains and voids ranging from 200 to 500 nm in size.
Cheng et al.” reported fabrication of WO, having 4-5 nm
pores by block copolymer templating. Despite a less than
optimum nanoporous structure in some of the above
cases, these studies have reported enhanced electrochro-
mic properties, with high coloration densities and higher
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rates for coloring and bleaching.*>” For photochromic
applications, nanometer grain sizes result in a blue shift
of the absorption peaks."'

Our interest is in developing a low cost, relatively
simple route of fabricating nanoporous tungsten oxide
based on anodization. In addition to the promise of
nanoporous WOj; for greatly enhancing electro- and pho-
tochromic properties, earlier work of the authors has
shown that nanostructured Al,O; and TiO, made by an-
odization display significantly enhanced gas sensing
properties compared to their bulk counterparts.'®>°
Though anodization has been used in the past to fabri-
cate tungsten oxide, the resulting films were not
nanoporous.”'>* Specific routes for nanostructure fabri-
cation by anodization have not, to our knowledge, yet
been reported.

We report herein the fabrication of nanoporous tung-
sten oxide by the process of anodization. Pure tungsten
foil (99.95%) of 0.25-mm thickness was obtained from
Alfa Aesar (Ward Hill, MA). Prior to anodization, the
metal samples were cleaned by immersion in an acetone
ultrasonic bath for 10 min, followed by a deionized water
rinse, then allowed to dry in air. Anodization was per-
formed in oxalic acid by the galvanostatic (constant-
current) method at room temperature without electrolyte
stirring. Optimal nanoporous results were obtained from
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FIG. 1. Plot showing the variation in voltage during constant-current
anodization of pure tungsten foils in 0.25 M oxalic acid at varying
current densities.
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a solution of 0.25 M oxalic acid in deionized water.
Constant current was applied by means of a direct current
(dc) power source, and the time-dependent behavior of
the voltage was recorded.

Figure 1 shows the voltage versus time behavior of
the anodization for a range of different current densities
(total current divided by anode surface area). As seen, at
a current density of 2.75 mA/cm? the voltage increa-
ses slowly in the beginning, goes through a region of
higher slope, and then saturates. At current densities
of 5.86 mA/cm? and 6.06 mA/cm?, the initial voltage—
time slope is larger, with the voltage peaking after ap-
proximately 5 to 10 min, after which it decreases and
then eventually increases again at a slower rate. At cur-
rent density of 6.94 mA/cm?, the voltage is seen to peak
in approximately 7 min and thereafter falls at a steadily
decreasing rate, approaching a constant value after 30 min.
At the highest current density tested, 9.74 mA/cm?, the
voltage is seen to exhibit a cyclic behavior.

FIG. 2. A series of micrographs obtained after 30 min anodization at different current densities (see Fig. 1). Study shows the evolution of
the nanoporous structure as a function of current density: (a) 2.75 mA/cm?, (b) 5.86 mA/cm?, (c) 6.06 mA/cm?, (d) 6.94 mA/cm?, and

(e) 9.74 mA/cm?>.
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The results of Fig. 1 can be correlated with scanning
electron microscopy observations. Figure 2 shows a se-
ries of five images (JEOL 6700 FE-SEM, Peabody, MA),
all taken at the same magnification of 50,000x, cor-
responding to the samples whose voltage behavior is
presented in Fig. 1 and representing the structure of the
anodized film at the end of 30-min anodization. As seen
in Fig. 2(a), the 2.75 mA/cm® sample has a uniform
surface film with no porosity visible. A porous struc-
ture is seen to cover parts of the 5.86 mA/cm? sample,
Fig. 2(b). The area covered by the porous structure has
increased substantially in the case of the 6.06 mA/cm?>
sample, Fig. 2(c), and a completely nanoporous structure
is obtained in the case of the 6.94 mA/cm” sample, as
seen in Fig. 2(d). The pore sizes in Figs. 2(a)-2(d) are
in the 50-100-nm range. The structure obtained from
the 9.74 mA/cm?” sample, Fig. 2(e), is also porous, but the
average pore size is significantly greater than 100 nm.
The thickness of the resulting oxide layer, in all cases, is
approximately 150 nm.

Comparing Figs. 1 and 2, we find that a nanoporous
structure is obtained only in the cases where the voltage
first peaks and then decreases, in agreement with the
theory of Parkhutik et al.** developed for understand-
ing the kinetics of porous aluminum oxide formation
during anodization. An increasing anodization voltage
indicates progressive formation of surface oxide film. A
decreasing anodization voltage after an initial peak indi-
cates pore formation by field-induced oxide dissolution
at points where pores initially nucleate. As the pores
deepen, the thickness of the barrier layer decreases, and
the voltage needed to drive the same current decreases
correspondingly. For particular values of applied current
density and barrier layer thickness, given that other ex-
perimental conditions remain constant, the rates of oxi-
dation and dissolution can balance each other exactly and
a steady-state can eventually be reached with barrier
layer thickness and voltage remaining constant with time
thereafter. In the results presented above, the current den-
sity of 6.94 mA/cm?® is closest to such a steady-state
condition. In the 2.75 mA/cm® sample, the current den-
sity is too low to cause pore nucleation. As the current
density is increased, pore formation begins, and the frac-
tion of the total surface covered by the nanoporous struc-
ture at the end of 30 min anodization gradually increases,
Figs. 2(b) and 2(c), and eventually the entire film be-
comes nanoporous as seen in Fig. 2(d). For current den-
sities higher than this range, the system cycles back and
forth with oxidation and dissolution being alternately
dominant as a function of time. Thus, though a porous
structure is seen in the case of the 9.74 mA/cm? sample,
Fig. 2(e), the structure is quite rough due to the fluctu-
ating voltage. Further experiments have shown that the
processing window for nanostructure formation extends
from 6.5 mA/cm® up to 8 mA/cm?. It should be noted that
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FIG. 3. GAXRD pattern obtained from nanoporous tungsten oxide
after annealing at 350 °C for 3 h in a pure O, atmosphere. The crys-
talline nature of the annealed film is clearly evident. Indexed peaks
correspond to those of monoclinic WO, while “W” denotes substrate.
The as-anodized film is amorphous.

this processing window is most likely dependent on the
metallurgical quality of the starting metal foil. Similar
anodization experiments have been conducted using a
0.5 M oxalic acid electrolyte, in which case the processing
window for obtaining the nanoporous structure was cen-
tered on a current density of approximately 5 mA/cm? with
the resulting pores being 100-200-nm in size.

Glancing angle x-ray diffraction (GAXRD) was per-
formed on the anodized film to evaluate crystallinity. The
as-anodized material proved to be amorphous. To induce
crystallization, the samples were annealed at 350 °C in
pure O, ambient for 3 h with heating and cooling rates of
3 °C/min. The GAXRD pattern from an annealed film is
shown in Fig. 3. The pattern shows that the sample has
crystallized with annealing; the peaks have been indexed
as per the monoclinic WOj; structure, with peaks arising
from the tungsten substrate labeled “W.”

In conclusion, nanoporous tungsten oxide has been
obtained by galvanostatic anodization in oxalic acid. The
structure is more regular and the pore size range is
smaller than that reported from most sol-gel synthesis
studies. Anodization offers a simple, efficient, and inex-
pensive way to obtain and control WO; nanoporous
structures. This type of regular and homogeneous nano-
porous structure offers an opportunity for enhancing the
gas sensitivities as well as the electro- and photochromic
properties of this technologically important material.
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