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ABSTRACT: In the present work, we show that fully
functional self-organized TiO, nanotube layers can be
electrochemically grown with an unprecedented growth
rate if lactic acid (LA) is used as an additive during
anodization. The main effect of LA addition is that it
allows performing nanotube growth at significantly higher
anodization voltage than in the LA free case, and this
without dielectric oxide breakdown (“burning”). As a
result, for example, 15 pm tube thick nanotube layers,
suitable for a use in dye-sensitized solar cells (DSSCs) can
be grown in 45 s and 7 um tubes suitable for water
splitting can be grown in 2S5 s.

O ver the past decade, aligned TiO, nanotube arrays that
are grown on a metallic Ti substrate by self-organizing
anodization have attracted tremendous scientific interest (for an
overview see, e.g, ref la). This is mainly due to the high
expectations in view of their application in classic TiO,-fields,
such as biomedical devices," photocatalysts,” photoelectro-
chemical water splitting (PWS),® or dye-sensitized solar cells
(DSSCs).* The performance of the tube layers in DSSCs and in
PWS depends on a number of parameters, such as ordering,
diameter, and length of the tubes.**" Optimum performance is
usually found for hexagonally ordered tubes with a length of
15-20 pm in DSSCs,** or &7 um in PWS®® when
investigated under artificial solar irradiation (AM 1.5)
conditions (see also Supporting Information (SI), Figure S1).

Since the first reports on anodic TiO, nanotube synthesis in
dilute fluoride electrolytes by Zwilling et al. in 1999,° who grew
comparably irregular tube morphologies with a limited
thickness of ~500 nm, rapid improvement in growth
techniques has been established toward longer, and much
more ordered nanotube layers,” such as shown in Figure la. In
particular, the introduction of organic electrolytes and the fine-
tuning of fluoride and water content in the electrolyte were
crucial, not only in view of tube geometry, but also regarding
the properties of the layers.”

Today, most common for TiO, nanotube growth are NH,F—
water—EG electrolytes that are routinely used for fabricating
tube arrays for solar cell or water splitting applications. The
anodization time to grow tubes of a suitable length and quality
for DSSCs and PWS is mainly determined by the applied
voltage and the electrolyte composition. For example, in order
to form a 15 pm thick layer suitable for DSSCs,¥*° using
classic recipes it took over 2 h; while most recent recipes led to
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Figure 1. (a) Morphology of TiO, nanotube layers formed under
“classic” condition in a 0.1 M NH,F—5 wt % H,0—EG electrolyte
(left) and in the same electrolyte with lactic acid (LA) addition (right).
The SEM images show a top view on the ordered morphologies. (b)
Cross-sectional SEM images of a tube layer grown in the LA
electrolyte at 150 V (first three) and 120 V (last) showing the rapid
growth in the LA electrolyte. (c) Comparison of nanotube length vs
time in LA containing electrolytes compared with the LA-free case.
*Reference tubes under these conditions show deterioration of their
morphology, see SI Figure S2.

fastest reported growth rates that could grow 16 ym tubes in 10

min.®
In the present paper, we report an anodization approach that

yields an unprecedented growth rate for ordered TiO,
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nanotubes; it is based on the “field supporting effect” of a weak
organic acid, LA. As a result, 15 ym long highly ordered tube
layers for solar cells can be grown in %45 s, and 7 um long
tubes for water splitting in ~25 s (see Figure 1).

Mechanistically, the growth rate determining factor for a
classic high field anodization process (largely explored to form
compact anodic films)® is that a high driving voltage can be
established across the growing oxide without causing local
dielectric breakdown events (e.g, avalanche breakdown or
“burning”).”"® The threshold voltage for “burning” depends
among other factors on the ionic species present in the
electrolyte. Some specific additives to the electrolyte (namely,
weak organic acids such as oxalic acid, citric acid, malonic acid,
glycolic acid, etc.) are known empirically'' to shift the
threshold voltage to a significantly higher value and thus
allow to achieve a higher thickness of a compact film or a more
rapid anodization process (additional discussion is given in SI,
S3). This prompted us to screen a range of most promising
candidates to be used as additives to the TiO, tube-growth
electrolytes. A compilation of a number of experimental
conditions and additives explored is given in the SI (Figure
S2). While some additives such as glycolic acid, citric acid, and
EDTA showed beneficial effects, we found a most outstanding
anodization behavior by the addition of LA.

Figure 1 illustrates the effect on growth rate using an addition
of 1.5 M LA to a standard anodization electrolyte (0.1 M
NH,F—5 wt % H,O—EG). In the LA—electrolyte, anodization
can be carried out at voltages as high as at 120—150 V, while
electrolytes without this addition show, at these voltages, oxide
breakdown (Figure 2) or severe tube damage (some examples
are shown inSI Figure S2). The SEM images shown in Figure
1b give the sequence of the tube length evolution with time
using the LA—electrolyte (more detailed SEM sequences are
shown in SI Figure S4). Figure 1c compares the growth rates of
TiO, nanotubes in the LA electrolyte to the LA free case. It is
apparent that in the reference electrolyte (0.1 M NH,F—5 wt %
H,0—EG), for example, a length of 15 pm is achieved after 2.5
h, while for LA addition, the growth time is 45 s (see inset of
Figure 1c), that is, the rate is accelerated by a factor of 200.

In spite of the accelerated growth, the morphology of the
nanotubes and the degree of order resemble the best cases for
classic electrolytes (Figure 1a, right).

Figure 2 illustrates that the effect of LA is mainly the
prevention of anodic breakdown at high anodization voltages.
Figure 2a shows the current versus time characteristics at an
anodization voltage of 120 V with and without LA in the
electrolyte. In the LA case, the desired growth—dissolution
equilibrium can be established after an initiation phase; that is,
after an initial rise, the current drops to a steady state value with
continuous tube growth (this current—time behavior is typical
for optimized self-organizing systems). In the LA free case, the
current rises fast and continuously, while at the same time, local
breakdown at distinct sites on the samples can be observed
(Figure 2b). The findings are in line with considerable amount
of general anodization literature.'>

Higher breakdown voltages are often observed for species
showing suitable anchorin§ groups to form (mono) layers on
the corresponding oxides.'">“'**"® This is also observed for
LA: the ToF-SIMS spectra in Figure 2c show the molecular
fragment M-H as well as the condensation product with Ti—
OH for anodization in LA. The latter indicates adsorption and
strong bond formation in line with XPS data in the SI (Figure
S$3a). This supports the concept that strongly adsorbing species
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Figure 2. (a) Current—time behavior for anodization at 120 V in LA
electrolyte and reference electrolyte at RT. (b) Typical breakdown
morphology in reference electrolyte observed after short time at 120 V
when tube layer is first formed at 60 V and voltage then is increased to
120 V. (c) Identification of LA adsorption on TiO, by ToF-SIMS
analysis of compact oxide layer formed in LA-containing electrolyte
showing M-H fragment (left) and TiO™ condensation product (right).

can prevent breakdown during anodization reactions (see also
additional discussion in the SI, S3). In view of composition and
structure, the tubes formed under ultrafast conditions show the
same characteristics as reference tubes; that is, in XRD and
XPS, tubes formed in LA show identical characteristics as the
reference tubes (SI, Figure SS).

To demonstrate the same level of functionality for the LA
grown tubes and conventionally grown tubes, we compared
both tube types in two of their main applications, DSSCs and
PWS (Figure 3). For DSSCs, we neither used front side
illumination concepts14 nor additional area increasing measures
such as TiCl, treatments.'> Therefore, the absolute efficiencies
of the solar cells are comparably low,'*'S but the intention is to
compare the plain tube properties without convolution of the
data. From the results, it is clear that the ultrarapidly grown
tube layers show an at least as high efficiency as the classic
reference tubes in both applications.

In summary, the main achievement of the present work is to
provide an exceptionally effective additive to the currently most
used anodization electrolyte to grow self-organizing TiO,
nanotube layers. We show that LA can effectively prevent
localized dielectric breakdown of the anodic oxide at elevated
anodization voltages; thus, it allows establishing a higher ion
transport through the oxide film and, as a result, achieves
extremely fast tube growth rates without losing the tube’s
functional properties. It is noteworthy that the beneficial effect
is in line with chelating properties of LA"'®'® and surface
complex formation that may drastically affect the breakdown
voltage during anodization (please see the SI for more
discussion).
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Figure 3. (a) I-V characteristics for DSSCs fabricated using reference
nanotube and LA nanotube samples (both of a tube length of 15 ym)
annealed at 450 °C, 3 h. (Jsc = short-circuit current, Voc = open-
circuit voltage, FF = fill factor, # = efficiency). (b) Water splitting
experiment light/dark I-V curve taken in 1 M KOH using reference
nanotube and LA nanotube samples (both of a length of 7 um)
annealed at 650 °C, 3 h. Both experiments were carried out using AM
1.5 (100 mW/cm?) illumination conditions.
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Experimental details, anodic breakdown mechanism, current
density transients, screen a range of candidates as additives,
SEM images, XRD, and XPS of the samples. This material is
available free of charge via the Internet at http://pubs.acs.org.
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