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Flow-Regulated Growth of Titanium Dioxide (TiO,)

Nanotubes in Microfluidics
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Eiectrochemical anodization of titanium (Ti) in a static, bulk condition is used
widely to fabricate self-organized TiO, nanotube arrays. Such bulk approaches,
however, require extended anodization times to obtain long TiO, nanotubes and
produce only vertically aligned nanotubes. To date, it remains challenging to develop
effective strategies to grow long TiO, nanotubes in a short period of time, and to
control the nanotube orientation. Here, it is shown that the anodic growth of TiO,
nanotubes is significantly enhanced (=16-20 times faster) under flow conditions in
microfiluidics. Flow not only controls the diameter, length, and crystal orientations
of TiO, nanotubes, but also regulates the spatial distribution of nanotubes inside
microfiuidic devices. Strikingly, when a Ti thin film is deposited on silicon substrates
and anodized in microfluidics, both vertically and horizontally aligned (relative to
the bottom substrate) TiO, nanotubes can be produced. The results demonstrate
previously unidentified roles of flow in the regulation of growth of TiO, nanotubes,
and provide powerful approaches to effectively grow long, oriented TiO, nanotubes,

and construct hierarchical TiO, nanotube arrays on silicon-based materials.

TiO, nanotubes are of great importance in photocatalysis,
solar cells, sensors, and other applications.['] Self-organized
TiO, nanotube arrays are commonly produced via electro-
chemical anodization of Ti, where a complex electric-field-
aided oxidation and dissolution process is responsible for
the formation of TiO, nanotube arrays.[*1¥ Specifically, the
oxidation of Ti at the anode produces Ti** ions that migrate
under the electric field and react with O>" ions to form
the anodic TiO, layer. Fluoride (F°) in the electrolyte, on
the other hand, attacks the TiO, layer and generates water
soluble TiF,>~ ions, resulting in dissolution of the TiO, layer
and initiates the formation of TiO, nanotube arrays. Although
the reason why nanotubes, instead of a porous TiO, layer,
are formed during anodization is debated,[”] TiO, nano-
tubes keep growing until the formation and dissolution of
TiO, reach an equilibrium. At this stage, TiO, nanotubes are

R. Fan, X. Chen, Z. Wang, D. Custer, Dr. J. Wan
Microsystems Engineering

Rochester Institute of Technology

168 Lomb Memorial Drive, Rochester, NY 14623, USA
E-mail: jdween@rit.edu

DOI: 10.1002/smll.201701154

small 2017, 1701154

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

penetrating deeper into the metal to grow; however, nano-
tubes at the electrolyte—oxide interface dissolve at the same
rate as growth, such that the thickness of the TiO, nanotube
arrays, i.e., the length of TiO, nanotubes, remains constant.
Because the growth of TiO, nanotubes is controlled by the
field-aided oxidation and F~-based chemical dissolution, the
diameter and length of TiO, nanotubes can be regulated by
controlling the magnitude of an applied electrical field, com-
position of the electrolyte (i.e., concentration of F~, pH, and
water content), and anodization time.[71215-17]

To date, most approaches to electrochemically produce
TiO, nanotubes are conducted under static, bulk conditions
with no or limited flow involved during anodization.l®]
In this case, an initially formed, compact oxide layer with
random pores often remains on the top of the TiO, nanotube
arrays after anodization.'3221 Although the existence of the
compact oxide layer significantly limits the growth and appli-
cation of TiO, nanotubes, effective removal of the compact
oxide layer is difficult.”?>?4l In addition, extended anodiza-
tion time, which is required to produce long TiO, nanotubes,
frequently leads to inhomogeneous tube diameter and
structure due to the F-based chemical etching process.252]
Introducing hydrodynamic factors such as stirring to the elec-
trolyte solution during anodization increases the length of
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TiO, nanotubes up to 60%;['! the flow, however, is not well-
controlled, and the morphological homogeneity of nanotubes
is negatively affected. To date, it remains technically chal-
lenging to grow long and homogeneous TiO, nanotubes in a
short period of time. In addition, TiO, nanotubes produced
under static and bulk conditions are all vertically aligned
relative to the bottom substrate and there is no control over
the spatial orientation of TiO, nanotubes.

Here, we describe a microfluidic approach to electrochemi-
cally grow TiO, nanotube arrays under controlled flow condi-
tions. We show that the presence of flow during anodization
impacts significantly on the growth of TiO, nanotube arrays,
and both the structural and material properties of TiO, nano-
tubes can be manipulated. Furthermore, we demonstrate
a strategy to produce previously unrealized horizontally
aligned TiO, nanotubes in microfluidics. Our results highlight
the importance of flow in the anodic growth of TiO, nanotube
arrays, and the developed microfluidic approach provides an
effective strategy to grow oriented TiO, nanotube arrays, and
a powerful means to construct TiO,-nanotube-based hierar-
chical structures.

The anodic growth of TiO, nanotubes was conducted in
a Ti-based microfluidic device and characterized by scanning
electron microscopy (SEM) (Figure 1A,B; Figure S1 and
Table S1, Supporting Information). During anodization, we
kept the applied voltage (40 V), composition of the electrolyte,
and anodization time (30 min) constant for all microfluidic
experiments, and only changed the hydrodynamic conditions
in the microfluidic channel. Figure 1C shows a typical SEM
image of the Ti microfluidic channel covered with TiO, nano-
tube arrays after anodization. Consistent with previous studies,
there was a compact oxide layer on the top of the nanotube
arrays (Figure S2, Supporting Information).'s2°l With an
increase of flow rate, however, the thickness and the coverage
of the compact oxide layer initially formed at the electrolyte—
oxide interface decreased significantly (Figure 1D,E; Figure S2,
Supporting Information), implying that high flow rate inhibits
the formation of the compact oxide layer during anodization.
In addition, although the outer diameter of the nanotube did
not change significantly with flow rate, the inner diameter of
the nanotube increased with flow rate (Figure 1F,H,I), resulting
in a decrease of the wall thickness of the nanotube. Remark-
ably, the length of nanotubes increased up to =4000% as the
flow rate increased from 0 to 200 pL min~! (Figure 1G,JK).
The observed constant outer diameter at different flow rates is
likely due to the constant anodization voltage,'%?728] whereas
the change of inner diameter and length is due to the effect
of flow on the dissolution process, which will be discussed in
detail in the following sections.

It is important to note that the anodization time in the cur-
rent microfluidic setup is 30 min, whereas it takes =8-10 h to
grow similar length nanotubes in static, bulk conditions.[?!:?"]
In addition, TiO, nanotubes produced under flow conditions
have diameters with a narrow size distribution (Figure S3,
Supporting Information), suggesting that flow does not lead
to inhomogeneous top structures as observed in most long-
duration anodization experiments.[?22°1 Furthermore, when
TiO, nanotubes were annealed at 425 °C and analyzed by
X-ray diffraction (XRD), typical anatase TiO, reflection

www.small-journal.com

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

peaks at the (101), (004), and (200) surfaces were observed
and the magnitude of the reflection peak increased with flow
rate (Figure 1L). To compare the results with nanotubes that
have a similar length but are produced under static, bulk con-
ditions, we fabricated TiO, nanotubes via the conventional
electrochemical method and found that TiO, nanotubes
generated in microfluidics showed significantly increased
peak intensity of (004) (e.g., at 200 uL min~!) (Figure 1L)
and a ratio of peak intensity of (004) to (200), i.e., Lyos/I5ys
increased with flow rate (Figure 1M). The results suggest that
the crystal growth of TiO, nanotubes produced at flow condi-
tions is preferentially oriented along the [001] direction.%31]
Collectively, the structural (e.g., length and diameter) and
material (e.g., crystal orientation) properties of TiO, nano-
tubes can be controlled by changing the magnitude of flow
rate in microfluidics during anodization.

We next examined the current-time characteristics of
anodization under flow conditions (Figure 2A). Current-time
curves particularly at high flow rate showed typical patterns
of the anodic growth of TiO, nanotubes,”! which included an
exponential decrease of the current due to the formation of
the oxide layer (stage I), followed by a slight increase of cur-
rent due to the formation of initial porous structures (stage IT),
and then a relatively steady current due to the formation of
self-organized nanotube arrays (stage III). The magnitude of
the steady-state current at stage III correlates to the thick-
ness of the nanotube arrays and will not increase significantly
with extended anodization time unless the anodic potential
is changed. Without the change of the applied voltage, how-
ever, we showed that the steady-state current changed with
flow rate and increased linearly with Peclet number (Pe)
(Figure 2B; Table S2, Supporting Information). Pe is defined
as the ratio of the rate of convection by the flow to the rate
of diffusion driven by a concentration gradient (Pe = Lu/D,
where L is the smallest dimension of the channel, u is the flow
velocity, and D is the diffusion coefficient) and high Pe indi-
cates a convection-dominated mass transport process. Because
the length of the nanotubes correlates with the steady-state
current (Figure 2C), the increased steady-state current with
Pe suggests that convective flow on the top of nanotube arrays
must play a role in the regulation of key transport processes
that are essential to the growth of TiO, nanotubes (Figure 2D).

Because previous studies of anodization of Ti in static
conditions showed that there were concentration gradi-
ents of F~ and TiF> ions inside and outside the nanotube,
and a diffusion layer was present adjacent to the top of the
nanotubes,['*1%] the observed effects of flow on the growth
of nanotubes is likely due to a convection-dominated mass
transfer process. When flow is applied tangentially to the
surface of nanotube arrays, for example, the thickness of
the diffusion layer, L, which can be estimated as 2+/Dr

or 2 D% (where L0 is the length of the channel

along the flow direction) decreases with the increase of flow
velocity u and becomes negligible at high flow velocity or
Pe. In this case, convection dominates the mass transport on
the top of nanotube and local concentration of TiFs>~ will
approach to zero, and F~ concentration will be close to the
bulk F~ concentration in the electrolyte (Figure 2D). The
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Figure 1. Flow in microfluidics controls the length, diameter, and crystal structures of TiO, nanotubes. A) Schematic of the generation of TiO, nanotubes
via electrochemical anodization of Ti in microfluidics. B) A bright-field image of the assembled microfluidic device. Schematic image (right) shows the
assembly of the microfluidic device using a titanium (Ti) substrate, a polyacrylate (PA) film, a Pt foil, and a block of polycarbonate (PC). The PA film
acts as an isolating layer between the cathode (Pt) and the anode (Ti). The PC block serves as the cover of the microfluidic device. Four metal screws
that are inserted through the corners of the PC block to the Ti substrate act as the anode electrodes. An additional screw that is inserted through the
center of the device connects the Pt foil and serves as the cathode electrode. Enlarge image (below) shows the microfluidic channel fabricated on Ti
by micromachining. The width and height of the channel are 500 and 50 um, respectively. C) Representative SEM image of a TiO,-nanotube-covered
microfluidic channel. D) The change of thickness of the oxide layer, h,q., formed on the top of nanotube arrays with flow rate. E) Percentage of the
coverage of the oxide layer at different flow rates in the microfluidic channel. F) Effect of flow rate on the inner and outer diameters of TiO, nanotubes.
G) Effect of flow rate on the length of TiO, nanotubes. H,l) SEM images of top view of TiO, nanotubes fabricated at the flow rate of 1 and 200 uL
min~1, respectively. J,K) SEM images of side view of TiO, nanotubes fabricated at the flow rate of 1 and 200 pL min~?, respectively. L) X-ray diffraction
(XRD) patterns of annealed TiO, nanotubes. Nanotubes generated at the static conditon have a similar length as that produced at Q = 200 pL min~?.
Reflection peaks from Ti are labeled by #. M) Change of the peak intensity ratio of (004) to (200), /oy,//5q0 at static and flow conditions.

change of local concentrations of TiF>~ and F~ on the top (Table S3, Supporting Information), resulting in an increased
of nanotube modifies the boundary conditions of ion trans- anodization current density with flow rate (Figure 2A). 2)
port inside the nanotube where concentration gradients of Flow-induced change of ion transport could also affect the
F- and TiF> still exist.[’?l As a result, 1) ion-flux rates in the local electrical field during anodization and consequently
nanotube are enhanced in the presence of convective flow influences the degree of preferred crystal orientation of
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Figure 2. Flow regulates the current density during the anodic growth of TiO, nanotubes. A) Current—time curves during the growth of TiO, nanotubes
at different flow rates. |, Il, and Il indicate different growth stages. Current density / is measured perpendicular to the flow direction. B) Steady current
density at stage Il increases linearly with Peclet number, Pe. Dotted line is a linear regression fitting curve with a correlation coefficient of 0.99. C) The
length of TiO, nanotubes correlates reciprocally with the average steady current density. Dotted line is a linear regression fitting curve with a correlation
coefficient of 0.98. D) Schematics of the regulatory roles of flow in the anodic growth of TiO, nanotubes. Flow at high Pe reduces the thickness of the
diffusion layer on the top of the nanotube, and thus enhances ion flux inside the nanotube. In this case, [F] o = [Flgu @and [TiFg2 ] ocq = O.

TiO, nanotubes upon annealing.®'! 3) Because TiF> is the
diffusion-rate-controlling species in the formation of nano-
tubes,['216] effective removal of TiF>~ at high Pe accelerates
the dissolution process occurring at the bottom of the nano-
tube, and thus produces long nanotubes in a short period of
time (Figure 1G,K). 4) The increased concentration of F~ on
the top of nanotubes facilitates the etching of the top nano-
tubes, leading to a large inner diameter (Figure 1I).

To further demonstrate the effect of flow on the growth
of TiO, nanotubes, we changed the flow velocity profile and
measured the diameter and length of nanotubes across the
microfluidic channel perpendicular to the flow direction
(Figure 3). When the height of the channel in the z-direction
is larger than the width of the channel in the y direction, the
velocity profile of the flow (in the x-direction) is parabolic in
the x—y plane, with the highest flow velocity in the middle of
the channel (Figure 3A). As a result, nanotubes in the middle
of the channel are expected to have the largest inner diameter
and length. Experimental results obtained at high flow rates
were consistent with the prediction (Figure 3B-E). When we
reduced the height of the channel while keeping the width
of the channel unchanged, the parabolic flow profile switched
from the x—y plane to the x—z plane, and left a relatively uni-
form velocity distribution in the x—y plane (Figure 3F). In this
case, nanotubes with relatively uniform inner diameter and
length across the channel were obtained (Figure 3G-J). Note
that Pe or flow velocity was kept approximately the same in
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both devices (Tables S2 and S4, Supporting Information).
Similar results were also obtained upstream and downstream
in ends of the channel in both devices (Figures S4 and S5,
Supporting Information). Our results thus show that the spa-
tial distribution of nanotube structure in microfluidics can be
controlled by manipulating the flow velocity profile during
anodization.

When a metallic Ti thin film with a thickness of
500 nm was deposited on a conductive silicon substrate
(Q = 1-5 x 107 Q cm) and patterned photolithographi-
cally inside a microfluidic channel (Figure 4A), we showed
that TiO, nanotubes could grow uniformly inside the pat-
terned areas (Figure 4B,C), and had an average diameter
and length of 78 + 5.4 and 304 + 12.3 nm, respectively
(Figure 4C). Intriguingly, when TiO, nanotubes were
anodized microfluidically on a Ti thin film (1 pm thick)
that was deposited on a nonconductive silicon substrate
(Q = 1-2 x 10* Q cm) (Figure 4D,E), horizontally aligned
nanotubes relative to the silicon substrate were produced
inside the walls of the channel (Figure 4F), while vertically
aligned nanotubes were present in the center of the channel
(Figure 4G). Similar phenomena were observed using Ti
layers with a reduced thickness or photolithographically
patterned Ti layers (Figure S6, Supporting Information). The
inner diameter and density of horizontally aligned nano-
tubes increased with flow rate (Figure 4H,I). We did not
observe horizontally aligned nanotubes on a Ti layer that

small 2017, 1701154
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Figure 3. Flow velocity profile in microfluidics determines the spatial distribution of TiO, nanotubes. A) Schematics of the cross-sectional view of
a microfluidic channel with a width of 500 um and a height of 2050 um. Because the height of the channel (in the z-direction) is much larger than
the width of the channel (in the y-direction), the velocity profile of the flow (in the x-direction) is parabolic in the x—y plane. As a result, nanotubes
with large inner diameter and length in the center of channel are expected. B,C) The change of inner diameter and length of TiO, nanotubes,
respectively, across the width of the channel at different flow rates in a microfluidic device shown in panel (A). Panels (D) and (E) are side and
top view SEM images of TiO, nanotubes, respectively, at different locations across the width of the channel. Channel height: 2050 um. Flow rate:
200 pL min~1. F) Schematics of the cross-sectional view of a microfluidic channel with a width of 500 um and a height of 150 um. In this case, the
height of the channel is smaller than the width of the channel, the velocity profile of the flow is parabolic in the x-z plane, but flat in the x-y plane.
Nanotubes with relatively uniform diameter and length across the channel width are expected. G,H) The change of inner diameter and length of
TiO, nanotubes, respectively, across the width of a channel in a microfluidic device shown in panel (F). Panels (I) and (J) are side and top view SEM
images of TiO, nanotubes, respectively, at different locations across the width of the channel. Channel height: 150 um. Flow rate: 15 uL min.
Note that flow rates of 7.5 and 15 uL min~! in device (F) provide the similar flow velocity or Pe as flow rates of 100 and 200 uL min~? in device (A),

small

respectively (Tables S2 and S4, Supporting Information).

was deposited on conductive silicon substrates (Figure S7,
Supporting Information).

Because anodic growth of TiO, nanotubes follows the
direction of the electrical field, the appearance of horizontally
aligned nanotubes on nonconductive silicon substrates sug-
gests that the direction of the electrical field switches to the
horizontal direction relative to the silicon substrate during
anodization. Indeed, when nanotubes grow throughout the
entire Ti layer and reach the nonconductive silicon substrate
at the late stage of anodization, the electrical field in the ver-
tical direction will change to the horizontal direction due
to the presence of a nonconductive silicon substrate at the
bottom and the conductive Ti in the side walls (Figure 47).
Meanwhile, the growth of horizontally aligned TiO, nano-
tubes also requires the contact of Ti walls with the electrolyte
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solution so that field-aided reaction can penetrate into the
Ti side walls to form nanotubes. Such Ti-electrolyte inter-
action is also likely at the late stage of anodization, consid-
ering the finite thickness of the Ti layer and the continuous
chemical etching of the top of nanotube arrays. Evidently, at
the end of anodization, the length of nanotubes inside the
channel (376 = 16.4 nm) was much smaller than the original
thickness of the Ti layer (1 um) (Figure S8, Supporting Infor-
mation). Horizontally aligned nanotubes were not present
at the early stage of anodization (5 min) (Figure S9, Sup-
porting Information). Collectively, our results suggest that
by controlling the direction of the applied electrical field and
Ti-electrolyte interaction during anodization, TiO, nanotube
arrays can be produced with desired orientations relative to
the substrate.
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Figure 4. Controlled growth of TiO, nanotubes on silicon substrates. A) Schematic of the growth of TiO, nanotubes on a conductive silicon substrate
(Q=1-5x 1073 Q cm) with photolithographically patterned goemetries. B) SEM images of TiO, nanotubes grown in patterned circles, triangles,
squares, and letters of “RIT.” C) High-resolution SEM images of TiO, nanotubes grown in a patterned circular shape. Images below show the top
view and side view (inset) of TiO, nanotubes inside the circular pattern. D) Schematic of the growth of TiO, nanotubes on a nonconductive silicon
substrate (Q = 1-2 x 10* Q cm). E) Representative SEM image of growing TiO, nanotubes on a nonconductive silicon substrate. The dark area
indicates the channel where anodization occurs. The gray areas show Ti coated on silicon. F) SEM image of the edge of the channel where Ti in
the wall was anodized to produce horizontally aligned TiO, nanotubes. G) SEM image of TiO, nanotubes growing in the center of the microfluidic
channel. Panels (H) and (I) show, respectively, the change of inner diameter of horizontally aligned TiO, nanotubes, and the number of horizontally
aligned TiO, nanotubes per area with flow rate. J) Schematics of the growth mechanism of horizontally aligned TiO, nanotubes on a nonconductive
silicon substrate. The change of the direction of the electrical field and the exposure of Ti side walls to the electrolyte flow at the late stage of
anodization likely contribute to the formation of horizontally aligned TiO, nanotubes.
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In summary, we identified the regulatory roles of flow in
the anodic growth of TiO, nanotube arrays in microfluidics,
and showed that the structural, material, and spatial features of
TiO, nanotubes can be controlled effectively in microfluidics.
The microfluidic approach developed here offers a powerful
platform to effectively grow oriented TiO, nanotubes, and a
promising strategy to integrate silicon with hierarchical TiO,
nanotube arrays that may find applications in nanoelectronics,
silicon-based photonics, and photovoltaic solar cells.

Experimental Section

Details of the fabrication and assembly of microfluidic devices
and the growth of TiO, nanotubes are described in the Supporting
Information. A scanning electron microscope (FIB-SEM, Zeiss Cross
Beam) was used to image the TiO, nanotubes. Nanotubes were
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etched with HCl (37%, Sigma-Aldrich) for 2-5 min and cleaned
with acetone before imaging. Energy dispersive X-ray spectros-
copy was conducted to analyze the presence of Ti and oxygen ele-
ments in the nanotubes. X-ray diffraction was conducted with a
Philips X’Pert MRD diffractometer (Spectris PLC) using a long fine
focus Cu Ko radiation source at 40 kV and 30 mA. The scanning
range of 20 was set from 20° to 50° with a 0.03° step size. The crys-
talline structures of TiO, nanotubes were identified by comparison
and analysis with FIZ/NIST Inorganic Crystal Structure Database.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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