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Metal oxides have found tremendous applications in

numerous fields ranging from optical [1] and electronic [2]

components in the form of electrochromic devices [3] and

capacitors [4] to biocompatible, bioactive coatings on

orthopedic implant materials [5, 6]. Titania [7–10] and

alumina [11–14] are among the most widely studied metal

oxides, and niobium oxide, for example, is considered a

valuable candidate for biomaterial applications [15] due in

part to its chemical inertness [16], thermodynamic stability

[5] and low cytotoxicity [17]. While metal oxides can be

formed through various methodologies, anodization of

metal oxides offers a convenient, efficient and relatively

inexpensive method in producing metal oxides. Driven by

an external power source, this process expedites normal

metal oxidation, thus increasing the rate of metal oxide

formation. As a result, the fast kinetics generally produce a

largely amorphous oxide material. Much research has

therefore been reported on the amorphous nature of metal

oxides [18, 19] and the properties thereof [11, 12, 19, 20],

including niobium oxide [16, 21]. In this work, we report

for the first time on the striking in situ evolution of crys-

talline niobium oxide microstructures, which is uncommon

to the porous, tubular and needle-like morphologies

reported on a variety of metal oxides [9, 13, 22–27].

Recently, an SEM investigation imaged the dependencies

of these novel self-assembled microstructures on time,

temperature, potential and HF(aq) electrolyte concentration

[28]. The present study builds on the uniqueness of the

microstructures by reporting on their modifiable crystalline

character and morphology through addition of NaF to the

HF(aq) electrolyte. The concept of coupling self-assembly

with ordered phases offers an attractive avenue in the

pursuit of tailored metal oxides for specific applications.

Evolution of niobium oxide in the present study is

described as follows. 99.8% pure niobium foil 0.25 mm

thick was purchased from Aldrich and HF acid (48% assay)

was obtained from Fisher Scientific. The niobium metal

was rinsed with acetone and ethanol and cut into one-

centimeter wide strips. The acid was diluted with the

appropriate amount of deionized water to achieve a con-

centration of 2.5 wt. % HF. The HF(aq) solutions con-

tained either 0 or 100 mg of NaF salt (Aldrich).

Anodization of the niobium metal was driven by a Soren-

sen DLM 300-2 power supply connected to copper and

niobium metal electrodes. The electrodes were positioned

in a 100 ml Nalgene beaker that contained the magnetically

agitated electrolyte. A 20 V potential was employed to

stimulate oxide development. Under these conditions

changes in current were observed throughout anodization,

indicating oxide rate forming processes.

Characterization of oxide morphology and composition

oxide was performed using secondary electron imaging

(SEI) and x-ray energy dispersive spectroscopy (EDS)

using a JEOL JSM-5310LV scanning electron microscope.

Figure 1 reveals representative cross-sectional images of

the resulting niobium oxide structures anodized in HF(aq)

electrolytes with (Fig. 1a) and without (Fig. 1b) NaF.

Details of the microcone geometry have been described

previously [28]. Both sets of structures in Fig. 1 were

evolved at 40 �C, however, the structures in Fig. 1b

required nearly twice as much time to grow relative to

those in Figure 1a (i.e. ~1.75 h for the former, ~1 h for the

latter). And while conical geometries are produced using
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both electrolytes, the morphology of the microcones differs

substantially. The self-assembled microstructures in

Fig. 1a seem to be comprised of small crystallites, ran-

domly oriented along each microbody: this assembly most

likely contributes to the coarse texture and prevalence of

microscopic groves and gaps. On the other hand, the mi-

crobodies in Fig. 1b display smoother texture, finer mi-

crotips, and large, well-aligned oxide ‘fibers’. The

composition of the niobium oxide has previously been

verified for structures grown in HF(aq) and presently it is

shown for HF(aq) + NaF in the EDS spectrum in Fig. 2.

While the EDS analysis shows contributions from Nb, O

and F, the spectrum does not provide evidence of Na in the

oxide structure and it is nearly identical to that produced in

HF(aq) (i.e. with no NaF) [28]. Thus, it seems that the

presence of NaF strongly influences the kinetics and mor-

phology of oxide growth without contributing a composi-

tional change in the evolution of niobium oxide.

Since marked differences were observed in the spatial and

temporal growth details of the niobium oxide microbodies in

Fig. 1, X-ray diffraction (XRD) was used to explore the

long-range order of the oxide. XRD patterns were collected

on Siemens 5000 automated powder diffractometer with a

0.02� 2h step-size operating at 40 kV/30 mA and are

presented in Fig. 3. Figure 3a shows the XRD pattern for

niobium oxide anodized in HF(aq).Using Bruker EVA

software, the pattern was fingerprinted to orthorhombic

Nb2O5 (JCPDS card # 27–1003). Remarkably, the XRD

pattern reveals substantial crystallinity and contrasts mark-

edly to previous work on niobium and other metal (e.g.

titanium and aluminum) oxides formed via anodization

processes [9, 13, 22–27]; typically, the resulting oxides are

amorphous and require thermal treatments to induce crys-

tallinity [2, 5, 6, 29]. The diffusion-limited rate of oxygen

dissolution into the oxide (discussed below) [16, 21] coupled

with oxide dissolution via HF may account for the devel-

opment of small crystals.

When NaF is added to the HF(aq) electrolyte, microcone

formation kinetics were observed to slow significantly. In

addition to morphological changes, the XRD pattern in

Fig. 3b further demonstrates the results of this effect.

In Fig. 3b the intensity of the features near 22.6� and 36.8�
2h are especially pronounced compared to those in Fig. 3a.

Among the three sets of lineshapes, a most prominent

change is observed for the lineshape near 22.6�, which

contains the (001) plane, corresponding to the fiber axis of

Nb2O5 (c ~ 29.2 Å). This augmented lineshape indicates

development of large crystals along (001) and helps explain

the morphological features shown in Fig. 1b and discussed

above. The fact that Na was not observed in the oxide via

EDS analysis suggests the following role of NaF. Since NaF

is highly soluble, the salt readily dissociates enabling

hydrolysis of F) to form HF (weak acid) and OH), which

slightly elevates the pH. Although this may alter the kinetics

of dissolution and oxide formation, the substantial increase

in crystal size may also be attributed to the solvation of Na+

by up to six H2O molecules. Under aqueous conditions,

anodization stimulates the development of oxygen anions

(i.e. from OH), O2 or H2O), which diffuse and react with

mobile niobium ions according the hypothetical equations:

H2O! 2Hþ þ O�2 ð1Þ

Fig. 1 Cross-sectional SEM

images of niobium oxide cones

anodized at 20 V in HF(aq) plus

(a) 0 and (b) 100 mg NaF

electrolyte solution
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Fig. 2 EDS spectrum of niobium oxide anodized in HF(aq) + NaF

electrolyte showing elemental contributions from O, F and Nb
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2Nb5þ þ 5O2� ! Nb2O5 ð2Þ

We speculate that water coordination to Na+ modifies the

thermodynamic potential for the reaction between oxygen

and niobium ions. This scenario would then impart limiting

behavior on the rate and extent of oxide diffusion during

oxide growth, leading to slower microcone self-assembly.

Additionally, such controlled growth favors the develop-

ment of larger crystals, as shown in the character of the

XRD lineshapes in Fig. 3. Research has suggested anion

diffusion drives oxide growth after the initial barrier oxide

is formed, as in the oxide systems ZrO2 and HfO2, where

mobile oxygen anions dominate ionic transport [30]. This

limit is consistent with the range in Nb5+ transport numbers

during anodization (i.e. 0.22–0.33) [26]. It is important to

note that we performed separate experiments with varied

NaF and found longer anodization times were required at

higher NaF content (e.g. 250 mg) in order to produce

microcones of the same size. Therefore, the same type of

effect discussed above is probably manifested in Nb2O5

evolution in this study. Incorporation of NaF (or similar

salt) to the electrolyte thus imparts significant influence on

the rate of oxide formation (i.e. degree of crystallization),

even during a rapidly oxidizing experiment such as anod-

ization.

In conclusion, we have discussed the morphology and

phase of self-assembled Nb2O5 microbodies formed in an

HF(aq) electrolyte using SEM and XRD. To the best of our

knowledge this is the first time in situ crystallization of a

self-assembled metal oxide phase via an anodization pro-

cess has been reported. Additionally, we show larger

crystals of the Nb2O5 orthorhombic phase can be obtained

through addition of a salt (e.g. NaF) to the electrolyte. This

study provides an economical and efficient method in pro-

ducing crystalline Nb2O5 and may implicate other metals

(e.g. Al, Ti), as well as bear on potential applications in

medical, dental and materials science.
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Fig. 3 XRD patterns of niobium oxide anodized in HF(aq) plus (a) 0

and (b) 100 mg NaF electrolyte solution
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