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FLOW-REGULATED GROWTH OF
NANOTUBES

RELATED APPLICATION DATA

‘This application claims the benelit ol priority of U8,
Provisional Patent Application No. 62/435.929 filed on Dec,
19, 2016 and U.S. Provisional Patent Application No.
62/371.033 filed on Avg. 4. 2016, the subject matter of all
being incorporated herein by reference in their entireties.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCTH FOR
DEVELOPMENT

This mvention was made with Government support under
Agency Grant No. 56679 awarded by NYSERDA. The
government has certain rights in the imvention.

FILD

This disclosure relates to ow-repnlated growth of nano-
tubes. and in partenlar o methods and devices lor flow-
regnlaed growth of nanotubes via clectrochemical anodiza-
tioh.

BACKGROUNI

(3ue 10 the inherent matenal propertics of 110, and vaique

featores of panotubes. Ti0O, nanotubes find a wide range of

applications including but am limited to photo-catalysis.
solar cells. clectrochromic devices, sensors. bin-coating. and
drig delivery. Although many approaches such as sol-gel.
electrochemical luhography. and hydrothermal synthesis
have been developed w produce Ti(3, panotubes. anodic
growth of Ti0, nanowbes is one of the most common
methods to produce highly ordered winotube arrays. Ti0),
manolubes are commonly grown using  clectrochemical
anndization. in which a complex ticld-aided oxidation and
dissolution process is respoasible tor the formation of 10,
nanotubes. Dunng anodization, titaninm metal 15 oxidized (o
a i), layer on the top of the metal surfuce. which s
subsequently dissolved via a ficid-assisted clectrochemical
process W praduce the TiO, nanowbes. The continvous
competition ot the ficld-assisted oxidation and dissolmion is
believed o control the prowih ol TiO, nanotobe areays,
T date, all the approaches used o grow TiQ, nnotubes
are conducted in bulk conditions. e.g.. with a relatively large
distance (=5 cmy) berween the anode and cathade, In these
cases. it takes long time (lens of hovrs)y to grow long (in the
ranges of micrometers) nanotnbes and there 1s always an
oxide layer on top of the synthesized nanotubes, compro-
mising the applications of such Ti03, panotubes. To date.
most approaches o electrochemically produce TG, nano-
tubes are conducted under static. bulk conditions during
anodization. In this case, an imtially formod, compact oxide
layer with random pores olien remaing on the top of the Ti0,
nanotube arrays after anodization. The existence of the
compact oxide laver significantly limits the growth and
application of Ti0), nanotubes. n addition. extended anod-
ization time, which is required o produce long 1103, nano-
whes {c.g.. high aspect ratios). frequently leads to inhomo-
geneous tube diameter and structure due 1o the F-based
chemical eiching process. Introducing hydrodynamic factors
such as stirring to the clectrolyte solution during anodization
increases the lenpth of 190, nanstubes up o 60%. the flow.

i

1c

40

50

2

towever, 15 nol well-controlied and  the morpholagical
homogeneity of nanotubes is negatively atiected.

In addition. although stirring the electrolyte solution
during anadization has showa to be able to increase the
length of TiO, nanotubes. the solution fow is not well
controlled and the morphslogical homogeneity of the 110,
nanotubes is negatively affected. As o resalt, stagnant solu-
tions are preferred for the growih of vaiform lavers.

Thus. the art lacks a method in which the rate of anodic
growth of Ti(, nanctubes s signilicantly enhanced. A
mcthod which controls the diameter, lengih, and crystal
orientations of Ti0O. panotubes and determines the spatial
distnbution of panotubes is also desired. Funber lacking is
a method in which bob vertically and horizomally aligoed
Ti0); nanotubes can be produced. The present invention
provides reguiation of the growth of Ti0), nanctubes and
ellective stirategies to enhance the production of Ti(3, nano-
tubes with controlled onentation and structural propertics in
a1 manner not sugeesicd or contemplated by the art.

SUMMARY

In accordance with an aspect of the present invention.
there 13 provided a mcothod lor growing nanotubes via
How-repniated clectrochemical anodization, including low-
ing in a laminar tlow an electrolyie between a metal anode
and metal cathode: and providing an electrical current across
the anode and cathode sallicient o cause electrochemical
anodivation growth of nanotubes on a surtice of the anode,
wherein the lanunar flow has a {low rate sollicient to inhibit
srowth of an oxide layer on the nanotubes.

In accordance with another aspect of the present inven-
tion. there 1s provided a deviee for growing nanotonbes via
How-repniated  clectrochemical anodization, incloding: a
fluid inlet: a flnid vutlet; and a channel connecting the {luid
inlet and floid outlet. wherein the channel includes a metal
cathode and a metal anode separated by an electrical insp-
lator, wherein the channel is capable of receiving a luminar
flow of clectrolytic Thid at a Jow rate suflicient to cause
clectrochemical anodization growth of nanotobes on a sor-
face of'the anode and inhibit growth of an oxide layer on the
nanoinbes when ap electncal curremt is placed across the
anode and cathode.

BRIEF DESCRIPTION OF THL DRAWINGS

FIGS, TA-IM ilipstrates the ellect of low on the growth
of 110}, nanctubes in microlluidics, VI, TA is a schematic,
FIG. IR is an image of an embodiment of an assembled
microtluidic device. FIG. 1C s an SEM image. FIG. 1D is
a graph. F1G. 115 is a graph. FIG. 1F is a graph. FIG. 1G is
o graph. FIGS. 111 & 11 are SEM images, UIGS, 1T & 1K are
SEM mmages. VG, 11 shows XRIY patterns. and FIG. 1M s
a graph:

FIGS, 2A-21) illustrates the effect of tlow on the corrent
density during anodization, FIG. 2A shows current-time
curves. FICG 2B is a praph. VIG. 2C is 4 graph, and FIG. 202
illusirales a schematic:

FIGS. 3A-31 illustrates the effect of tlow on the spatial
growth of Ti(, panotubes in microfluidics. FIG. 3A is a
schematic. UG, 38 is a graph, VIG. 3C is a graph, FIG. 312
15 a serics of SEM images, PG, 3H 15 a scries ol 8HEM
images. FIG, 3F is a schematic. FIG. 3G is a graph. FIG, 3t
is a graph. FIG. 31 is a series of SEM images. and F1G. 3)
is a senes of SEM images:

FIGS, A4 lustrates control of the growth of 110,
nanotubes on silicon substrates, FICG. A is a schematic. FICG.
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4B is a serics of BEM mmapes. VG, 40 are high resolution
SEM images. FIG. 41D is a schematic. FIG, 4E is an SEM
image. FIGS. 41 & 4G are graphs. and FIG. 41 is a
schematic:

FIGE, 5A-5C show the characterization of 110, nano-
tubes using cnerpy dispersive Xe-ray spectroscopy (HDS)
FIG. 5A is an SEM image. FIG. 58 15 an SEM image. and
FIG. 5C is a graph:

FIGS. 6.A-68 show the effect of flow on the growth of the
oxide layer formed at the oxide-clectrolyte mterface, VIGS.
6A & 613 arc SEM images;

FIGS. TA TR TC. T and TE are graphs of flow rate
verses inner diameter:

UFIGE. BA-8C shows the effect of low on the spatial
growth o 110, nnotubes n microfluidics at different loca-
tions along the microlluidic channel, VICG. 8A s a schematic.
FIG. 813 and I'IG. BC are plots:

FIGS. 9A-9C shows the effect of flow on the spatial
growih of THO, nanotubes in microfinidics at different loca-
tions aiong the microlluidic channel, VICG. 94 s o schematic.
FIG. 913 and IIG. 9C are plots:

FIGS. 10A-10C shows the horizontal growth of Ti0O,
nanotubes on non-conductive silicon substrates. FIG. 104
shows a schematic and SEM image, FIG. 10B shows a
schematic and SEM image, and FI1G. TOC shows a schematic
and SEM image:

FIG. 11 is an SEM image of Ti(3, panotubes:

VIGE. 12A-12B show Ti0, nanotubes prowing on a
non-conductive silicon substraie, FIG, 124005 a set of S1EM
images and FIG, 128 i a set of SEM images;

FIG. 13 shows ap SEM image:

FIGS. 14A-14C illustrate electrode distance regulates the
anodic growth of Ti0, nanotube. FICG. 14A shows g sche-
matic. FIG. 1413 18 4 series of SEM images, and FIG, 14C s
a series of SEM imapes:

FIGS. 1SA-C show the ettect of elecirade distance (d) on
the growth of Ti), nanomubes at ditferent anodizing volt-
ages. UIG. 15401 a plot. FIG. 158 is a plot. and F1G. 150
is a plot:

FIGS. 16A-1613 show eclectrode distance {(d) repulates
current density (J) doring the anodic growth of Ti0, nano-
whes. FIG, 16A shows a graph and FIG. 168 shows a plot:
and

UFIGE, I7TA-170 shows inverse ol the current density (1)
correlates linearly with the stroctore of T, panotubes. 11G.
I7A shows a plot. FIG. 1713 shows a plot. and FIG. 17C

shows a plot.
DETAILED DESCRIPTION

The present vention provides a method and device
wherein the flow associated with the growth of nanotubes 15
well controlled and low rate can be changed systematically
1o altect a desired omeome. Suitable control is provided by

a system using laminar flow. and in particular. 2-1 laminar 5

{low ol the clectrolyte solution. In addition. (s method and
system  significantly  decreases  production  ime  and
improves product (c.p.. without fomming the oxide layer),
Most importantly. this invention allows for growing TiO,
nanotubes in a honzontal direction. which will open doors
for the mampulation of spatial prowth of nanotubes in
hicrarchical sirnctares and {abrication of nano/micro devices
involving horizontal Ti0, nanotubes.

A method for growing nanotbes via ow-regulated elec-
wrochemical anodization. includes tlowing in a laminar How
an clectrolyte between a metal anode and metal cathode: and
providing an electrical current across the anode and cathode

i
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sufficient to cause electrochemical anodization growth of
nanotubes on a surface of the anode. wherein the laminar
flow has a tlow rate sullicient to inhibit growth of an oxide
layer on the nanotubes.

A device for growing nanotubes via How-repulated elee-
trochemical anodization, includes: o {lwd wmlet; a fluid
onlet: and a channel connecting the tuid nlet and thuid
owtlet. wherein the channel includes a metal cathode and a
metal anode separated by an electrical insnlator, and wherein
the chanuel s capable of receiving o laminar flow of
clectrolytic ud at a Jow rate sullicient 1o canse clectro-
chemical anadization growth of nanotobes on a surface of
the anode and inhibit growth of an oxide layer on the
nanotubes when an electneal current iy placed across the
anode and cathode.

This invention signilicanly acecelerates the process of
TiO, nanotubes growth and improves the quality of pano-
tubes by simubaneously removing the oxide laver while
growing the nanotubes. Suitable clectrolyle compositions
mclude known clectrolyies used for anodization.

Aan embodiment includes a microtividic approach to grow,
tor example. Ti, panotubes. via elecirochemical anodiza-
ton. The method s not limited {6 the prowih of 110,
nanotubes and applies o any metals in which nanotubes can
be grown via clectrochemical anodization. Suitable metals
include vaive metals or any metals that build selt-protecting
oxide layers against corrosion. Suitable metals include alp-
minum. ttamum, vanadium. zirconium. hafmum. nisbinm,
tantalum, tongsten and others,

In an embodiment. Ti03, nanowbes with length of' 4 um.
outer diameter of 110-120 nm and wall thickness of 40 am
can be tabricated direcily in a microtiuidic channel. Com-
paring to the distance between anode and cathode in con-
ventional clectrachemical anodization in bulk solutions (=5
cm) the corrent invention has a muoch smaller anode-1o-
cathiode distance {e.g.. 150-2050 pm). and thus provides a
miniaure device madel 10 tabricate TiO, nanotubes.

Flow 1 the macroflmdic channel significantly reduces the
thickness of the oxade layer grown at the oxide-ciectolyte
interface dunng anodization. The growth of TiO, nanotubes
was much faster in tlow conditions in microtluidics than that
of conventional methods, The length of T, nanotubes
grown can be as high as ~4 wn dunng 30 min anedization
at 40V In comparison. the length of 10, nanotubes is 400
am when there 15 no tlow during the growth process in
microtluidics and the length of Ti0, nanowbes obained
{rom conventional clectrochemical anodization n bulk is 6
pm lor 19 hours anodization at 4G 'V

The spatial distnbution of the leagth of Ti0, nanoubes
fabricated in microfluidics can be controlled by adjusting the
flow profiie inside the channel. A parabolic flow profile
paralic] to the surlace of the channel produces 110, nane-
tubes with the Largest length n the middle of the channel and
short wbes at the edge of the channel.

Ti0, nanowbes can grow on silicon surface with pat-
temed arbitrary shapes meluding but not limited o a circle,
triangle. and square shapes and ictiers.

The utibity of the present disclosure includes but is not
limited w the following uses: integrate TiO, nanotubes with
silicon-based devices: inegrate TiO, nanotubes with dye-
sensitized solar cells: integrate Ti0, nanotubes in ow for
solar fuel production: and inteprate 110, nanotubes in How
for water purification.

This process can be implementing 1o any existing process
tor the generation of TiQ), nanotubes. As a resull. existing
apphications of 1100, nanotubes will apply o this invention.
In particular, this process can be wvsed o fabricate 110,
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nanotubes oo 1) silicon chips or CMOS; 2) portabic or
miniature devices for Ti0,-based energy production: and 3)
Ti0,-based water punfication devices.

The invention has been tested experimentally by labrica-
tion of a microfluidic deviee using Ti-based channels. In an
cmbodiment. the microlluidic device used w0 prow Ti0),
nanotubes through electrochemical anodization was com-
posaed of four parts: Ti substrate. polvacrylawe film. Pt film.
and polycarbonate from botom o top. Ti served as the
substrate for growing nanotobes: Pt as the cathode: poly-
acrylate as the solating layer between cathode and anode:
and polycarbonite served as the cover of microfluidic
device.

The pattern of microchannel on Ti substrate was designed
by using Solid Work sottware. and was then machined on the
Ti substrate by a momenc controlled Bridgepon Vertical
Miiling machine equipped with Proto-TRAK system. 3efore
miliing, the Ti substrate were {irst polished and then cut into
9 preces (L A8"x 118", 13ue o the high turdoess of the T
the milling speed was set at 0.5 mm/min with a 0.2 inch
endmill (TS-2-0200-5. PMT) a1 3600 rpm for machining,
The dimensions of the paticms o the microchannels were
milied at 500 wm of the widih and 2 mm ol the depth.

lor the purposc of separating the anode and cathode but
enabling the contact between electrodes and electrolyte.
either polyacryiate plastic or polyester {ilim was used as an
isodating. laver depending on the purposc. aser cutling
techmyue was applied to cut the microchannel pattern and

holes for screws on the polyacrylate plastic and polyester 3

film.

The Pt tilm was cut into 0.5"x0.5" and embedded at the
middle between the polycarbonate layer and mwsolating, Giyer.
A serew inserted through the polycarbonaie from the top
locating at the center was used o connect the Pt ilm with
cathode electrode for electric conductivity.

The polycarbonate was et into the size of 1.18"x1.18"
and used as the top layer of microfinidic device. Four comer
holes for assembling screws and oue center hnle for cathode
conpecting screw were drilled through the whole pan and
aped. Four smaller holes {0.06") served as inlets and outlets
ol fAmds were drilled with good alipnment with the 11
substrate patiern,

Vor microfindic device abncation. these four parts were
assembled into an integrated microthnidic device by using
four corner screws (#4-40. 0.089"), One additional screw
{M3x0.5) was used to insert nte the center polycarbonate
part for connceting the cathode electrode with the P cathode
embedded between polyearbonate and polvacrylate isolating
layer. The anode electrode was connected with the screw
located at the corner of device.

‘The present nvention provides a process for the electro-
chemical anodization of titanium n an embodiment which
enhances the anodic growth of TiQ, naaowbes by decreas-
ing the electrode distance at a constant anodizing voltage.
According 1o an coibodiment. the change of nunotube struc-
tures becomes more sensitive 1o the electrode distance at
high anodiving voltages. The process provides a correlation
between electrode distance and corrent deasity during the

anodic growth of TiO, nanowbes 10 aflect the growth of

Ti3, nanotubes, The process enables in sitn growth ol Ti0,
nanotubes in microdevices and ollers a promising approach
o produce 10, nanotube arrays in a more energy-ellective
manier by just decreasing the electrode distance. By
decreasing the electrade distance. both the diameter and
length of T, nanotnbes can be waproved due to the
enhanced steady-staie current density,
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A complex field-aided vxadation and dissolution process
doring electrochemical anodization of Ti is believed to be
responsible for the formation of Ti0, nanoobe arrays. The
oxidation of 11 in the anode produces Ti* ions that migrate
under ihe field and react with Q%7 ions 1o fom the anodic
Ti0), layer. Fluorides (F7) m the electrolyie, on the other
hand. anack the TiQ, layer and gencrate water soluble
TiF 2~ wons. resulting in the dissolution of the TiQ, layer and
initiate the formation ol 110, nanoiube arrays. Although the
{ormation of mbular instead of poreuns 110, layer is mecha-
nistically debatable, Ti0); nanotubes keep growing until the
formation and dissolnion of 10, reaches equilibrium, At
this stage. the thickness of the 110, nanowwbe arrays. Le.. the
length of 110, nanotobes, keeps constant although 11,
nanotubes are penctrating deeper inlo the metal, Because the
srowth of TiO, nanotobes is controlled by the fickd-aided
oxidation and F-based chemical disselution. the diameter
and leagth of T, nanotubes can be regulated by controlling
the magnitude of applied clectrical ficld. composition of the
clectrolyte (1.e.. concentration of UL plL and water conient)
and anodization time. The outer diameter o 10, panotubes.
for example. increases lincarly with applied voltage and
long nanotubes are obtained with extended anodization.

In an cmbodiment microfluidic channels were fabricated
directly mside 1 metailic 11 substrate and conducted elee-
trochemical anadization of Ti 1o produce TiQ), panotube
arrays under controdled low conditions (FIGS. 1AL 11, and
5A-5C and Table $1). The applied voltage (40V), compo-
sition of the clectrolyte, and anodization time (3) min) were
kept constant tor all microflvidic experiments and oaly
changed the hydradynamic conditions in the microflvidic
channel donpg anodization. FIG. 1C showed a typical
scanning clectron microscope (SEM) image of the T micro-
flmidic channel covered with Ti(Q, nnotube arrays alter
anodization. Consistem with previous studies. there was a
compact oxide layer on the 1op of the nanotube arrays (FIG.
6.A). With the increase of flow rates. however. the thickness
and the coverage of the compact oxide layer intially {ormed
at the clectrolyte-oxide interlice decreased sipmiicantly
{FIGS. 100 1 and 6). implying that high ow rate inhibits
the formation of the compact oxide laver during anadization.
In addition. aithough the suter diameter of the nanotube did
not change significanily with flow rates. the inner diameter
of the nanotobe increased with {low rates (FIGS. TV, 11 &
11). resuliing in a decrease of wall thickness of nanotubes.
Remarkably. the length of nanoobes increased vp to about
4008 s the flow rate was mercased from O pi/min to 200
plimin (FIGE. 1G, 11 and 1K), @t is important o note that the
anodization tme in the current microtiuidic setup is 30 min
whereas it takes approximately 8-10 bovrs w grow similar
length of nanotubes in conventional static. bulk conditions.
n addition, 110, nanotubes produced under low conditions
have repular dinmeters with a narrow sive distribution,
suggesting that ow does not lead 10 inhomogeneous top
structures as observed in most long-duration anodization
experimenis.  Purthermore, when Ti0, nanotubes were
anncaled at 425° C. and anaiyrzed by Xeray dilfeaction
(XRID). typical anatase 1100, rellection peaks A{TGT), AMD04)
and AQ200) were observed and the magnitude of reflection
peaks increased with flow rawes (FIG. L) 1o particular.
comparing 1o nanoinbes with sinnlar ienpth but produced
under conventional static. bulk conditions, T10), nanotubes
senerated at high tlow rates (e.g.. 200 ulmin) showed
significantly increased peak intensity of A{004) and 1,15,
{FIGS. 11 and IM). implying that the crysial growth of Ti0,
nanotubes produced at How conditions 1 prelerentialiy
oriented along the [001] divection. The current-time charac-
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teristics of anodization nnder {low conditions were exam-
ined (F1G. 2A). Corrent-time corves particolarly at high tow
rates. .. 200 ul/min. showed typical patterns of growing
Ti(3, panotubes. which included an exponential decrease of
the current duc to the tommation of the oxide laver (stage 1),
followed by a slight mercase of current due to the {omation
of nital porows structures {stage 1) and then a relatively
steady current due w0 the formation of seif-organized nano-
tube arvays (stage (11). The magnitnde of the steady state
current at stage 11 correlates 1o the thickness ol nanotube
arrays and will not increase significantly with extended
anndization time valess the anodic potential is changed.
Withowt the change of applied voliage. however, the steady
state current clunged with flow rates and increased lincarly
with Peclet number (Pe) (F1G. 2B and Table 82). Pe s
defined as the ratio of the rate of convection by the flow to
the rate of dittusion dnven by a concentration gradient
(Pe Lu/D). where [ is the characteristic lepgih. u is the How
veloonty, and 1D s the diffusion cocllicient) and lugh Pe
indicates a convection-dominated mass ransport process,
Because the lengih of nanoubes correlated inversely with
the steady state current (FIG. 2C). the increased steady state
current with Pe suggests that convection perpendicular o
nanotubes plays a role 1o the reguiation of key transport
processes that are important o the growth ol Ti(, nano-
whaes. Previous studies of anodization of Ti in static condi-
tions showed that there were concentration gradients of F-
and 1il°,* ions inside and outside the nanotubes and a
Uiflusion layer was presenting adjacent o the top of the
nanctubes. When tlow is applied 1angentially 10 the surlace
ol nanotobe arrays. the thickness ot the dittosion layer. [dill
which can be estimated as 2vIN or 2VD Liu decreases with
the increase of How veloeity v and becomes negligibie at
high flow velocity or Pe. Dn this case. convection dominales
the mass wansport on the op of nanotubes and local con-
centration of TiF,*~ will approach to zero and F- concen-
ration will be close 10 the bulk I~ concentration in the
clectrolyie (GG, 21D). The clunge of local concentrations of
Til,™ and I~ on the top of nanotubes modifies the bonndary
conditions of ions transport inside the nanotubes where
concentration gradients of I~ and TiF > ions still exist. As
a resulic the ion-{lux rates in the nanotubes are enhanced
(Tauble 83). resulting m an ncreased anodization current
density with fow rates (G, 2A), TiE,™ 15 the diflusion rate
controlling species in the formation of nanowbes. effective
removal of Til,* accelerates the dissolution Kinetics a1 the
bottom ol the nanotube areays. and thus produces long
nanotubes at high Pe (FIGS. 1G and 1K) The mercased
concentration of 7 on the wp of nanotubes. on the other
hand. facilitates the chemical etching of the op nanotobes.
leading 1o large inner diameters as shown in FIG. 11, In
additon. the low-induced chunge ol 1on transport modilics
the lacal electrical ficld during anodization and consequently
the degree of preterred crystal orientation after annecaling. To
further demonstrate the ettect of low on the growth of TiQ,
nanotubes, the diameter and length of nanotnbes was mea-
sured across the microfludic channel perpendicuiar to the
{low direction (FICG. 3A). BBecanse the flow was pressuare-
deiven and the height of the chanael in the 7 direction was
larger than the widih of the channel in the x direction. the
{low velacity profile became parabolic m the x-y plane with
the hughest low velocity n the middie of the channel. As a
result. nanotobes in the middie of the chaanel were expected
1o have the largest inner diameter and length. Lixperimental
results particularly obtained at high flow rates were consis-
tent with the prediction (F1GS. 313 and 3C). When the beight
ol the channel was reduced whiie keeping the width of
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channel unchanged. the parabolic Aow profile switched from
the x-y plane to the v-z plane and ieft a relatively uaiform
velaeity distribution in the x-y plane (F1G. 317, In 1his case.
nanoiubes with relatively uniform nner diameter and leagth
across the channel were obtained (FIGS. 3G and 3H). Pe or
flow velocity was kept approximately the same in both
devices at taph low rates (lables 84 and 82). Similar resuits
were obained at vpstream and downstream in both devices
{(FIGS. 8 and 9). Resuhs show that both the panotube
structure (length and diameter) and the spatial distribution of
nanotube stnicture can be controlled by manipulating, the
magnitude and distabution of low veloeity durng anodiza-
tion. Suitabie How rates iclude flow rates sullicient o
inhibit growth of an oxide laver on the nanotubes while
maintain laminar flow of the electrolyte solotion. Suitable
flow rates inclede Pe numbers within a laminar flow regime
above about 100 and above about 1000,

Muorcover, when metallic 17 thin-film with a thickness of
500 nm was deposited on a conductive silicon substrate
(€2 1-5%107" Qhm-cm) and patterned photolithographically
inside a microtiuidic channel (F1G. 4A) TiQ, nanotubes
could grow nmivmaly nside the patterned arcas (FIGS, 413
and 4C). High resolution SEM images showed that nano-
tubes prew vertically i the patterned arcas and had averape
diameter and length of 78+5.4 nm and 304212 3 hm respec-
tively (FIG. 40). TiO, nanotubes were grown microtinidi-
cally using 11 thin-Him (1 pm thick) deposited on g non-
conductive silicon substrate (€ 1-2x10* Ohm-cm) (FIGS.
413> and 4F). horizontally aligned nanotubes were produced
inside the walls of the channel atter anodization (F1G. 415 top
insety while vertically aligned nanotobes were presented in
the channcl (FIG. 415 bottom inset). Similar phenomena
were observed when a photolithopraphically patterned T
laver and 11 lavers with reduced thickness were used (FIG.
10j. The inner diameter and density of horizontally aligned
nancinbes increased with How rates (FIGS. 41 and 4G,
Honvontally aligned nanotubes were not obscrved on a T
layer that was deposited oo conductive silicon substrates
(FIG. 11).

Because the growth of Ti0, nanolubes folkrws the direc-
tion of the electrical ficld during anodivation, the appearance
of horzontaily alipned nanotubes suggests that the direction
of clectrical {ield switched o the horizontal direction during
anodization. Such change is possible whena a Ti layer is
depaosited on a non-conductive silicon substrate. In this case.
when nanotobes grow throughout the entire 11 layer and
rcach the non-conductive silicon substrate. the electnical
field i the vertical direction will change 10 the honrontal
direction due 1o the presence of pon-conductive silicon
substrate at the bottom and the conductive Ti in the side
walls (FIG. 411). Meanwhile, the growth ol 110, nanotubes
uses the contact of 11 walls with the clectrolyte solution so
that field-aided reaction can pepetrate into the Ti side walls
to form nanotubes. This Ti-elecirolyie interaction is also
likely at late stages of anodization considering the continu-
ous chemical ciching on the top nanstubes and the {nite
thickness of the 1 layer. Indeed, at the end of anodivation,
the length of panotubes inside the channel (3762164 am)
was much smaller than the thickness of the original Ti layer
(1 wm) deposited on the silicon substrate (P, 12) and
horzontaily alipned nanotubes were not presenting, at the
carly stage of anodization (5 min) (FIG. 13). The resulis
demonstrate that by controlling the direction of 1he applied
clectrical field and the contact of Ti-elecirolyie solotion
during anodization, 110, nanotube arrays can be produced
with desired wrientations.
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‘The regulatory roles ol flow n the anodic growth of Ti0),
nanctube arrays in microflvidics showed that both the siroe-
wral and material features of T, panotubes and 1he spatial
distribmion of such teatures conld be controlied by manipu-
lating the mapmiude and distribution of flow velocity during
anodization. The growth ol T10, nanstubes was moch {asier
in thow conditions and took approximately 56% of the time
required 1o grow similar length of TiO, nanotubes in con-
ventional static conditions. Furthermore. by depositing T on
silicon substrates, both vertically and horizontally aligned
Ti(), nanotubes could be produced through microflnidics.
and thus provided a powerltul approach to construet hicrar-
chical nanotwbe arrays on silicon-based materials. The
microfinidic approaches oller a useful platform to cllectively
grow T, nanctubes 1 controlled {low conditivns and
suggest strategies o ntegrate silicon with TiO, nanotvbes
that may lind applications in aanoelecironics. solar cells.
sensors and photocatalytic devices.

An embodiment of the {abrnication and assembly ol a
microflmdic device are shown in FIG. 1L The microchannel
on a 11 substrate (2 mum thick. 99.2% pure. Alta Aesar. Ward
Mill. Mass.) was tabricated using a Bridgepon Vertical
Miiling machine equipped with Proto-TRAK system, The
widih and height of the T1 channel were 500 pm and 50 pm.
respectively. When the 1 channel was assembled {or anod-
ization. the overall height of the microfividic channel. which
was also the approximate anode-o-cathode distance. was
15G wm or 205¢ um, depending on the thickness of the
clectrical isolation layer. 1.e. the PA {ilm. Durnng anodiza-

tion. an elecrolyte solution containing 15 wi % NILE

(Sigma Aldrich). 3 m] DI water. and 145 mi ethylene glyeol
(VWRY was injected into the microfividic device at different
{low rates. O, 1. 10, 100, or 200 wl/min, using a syringe pump
(Farvard Apparatus PhiX2000). The clectrochemical anod-

ization was conducted at 40 V wpsing an eleciric power 3

supply (TKDD-Lambda) for 0.5 hour at room wemperature
(25° ) for all microfinidic experiments. To produce 10,
nanotubes in conventional static. bulk conditions. ‘11 {ilm
(0.5 mm thick. 99.2% pure. Alfa Acsar. Ward Mill, Muass.)
and P lm (0.025 mm thick. 99.9% pure. Alla Acsar. Ward
Mill. Mass.} were submerged under the electrolyte solution
with a distance of 1 cm. The anodization was conducted at

GOV for 30 min at room temperature (25° ), The length of

Ti(, nanotubes produced under conventional static, bulk
conditions have a lepgth of 3.7£0.16 pm. which is similar to
the lepgth of nanowbes produced at the tlow rate of 200
w/min in microlluidics. The synihesized Ti0), nanotubes
woere anncaled it 4257 CL o tor 1 h in air using 4 Dual Zone
Split Tobe Furnace (OTE-1200X).

To grow Ti0, panotubes on silicon substrates. a T thin-
tilm was deposited on a 3" silicon waler (University Waler)
by usmg a SC4500 a-beam evaporator, For patierned geom-
eiries. the thickness of i thin-{ilm was 500 nm and SU2001
photoresist (MicroChem) was spanned on the Ti thin-tilm
via a Brewer CELGOOO auomated spin coater at 3000 pm
o ublain a photoresist thickness ol 1 pm. The silicon waler
was dopoed with Boron and exhibited low electrical resistiv-
ity (© 1-5x1077 Ohm-cm). The walcr was baked at 95° C,
betore lithography. A quanz mask with ditterem dimensions
of cirevlar. triangle and square shapes and logo of RIT was
fubricated by using Heidelberg mask writer DWI.2000. The
waltr wag then exposed 0 1TV light under the mask in an
ABM contact mask aligner and developed to obtain the
desired pattern on 11, The silicon water with Ti coating was
served as the bouom pant of the assembled microfluidic
device and used to grow T3, nanotubes. The width and
height of the microtluidic clunnel used 1o grow Ti0), nano-
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tubes in patterned areas were 1 mm and 2 mm, respectively.
The flow rate was 20 ul/min. To grow horizomally aligned
Ti), nanotubes. pure silicon with high electrical resistivity
(€2 1-2%10* Ohm-cm) was vsed and 11 thin-film with a
thickness of 500 nm or T um was deposited on the silicon
waler as deseribed above. The widih and height of the
microtluidic channel were 1 mim and 2 nun. respectively.
The flow rate was 0. 1. 10, 100. or 200 pl/min. The Reynolds
number for all the experiments varied from 91072 10 1.9,
Suitable laminar {low includes a Reynolds number of less
than abowt 2000

A scanning eleciron microscope (F1B-SEM. Zeiss Cross
Beam) was used to image the 10, nanotubes. Nanotubes
were ctehed with FICH{(37%, Sipma Aldrich) for 2-5 min and
cleaned with acctone belore imagmg. Vnerpy Dispersive
X-ray Spectroscopy (EDS) was conducted 10 analyze the
presence of Tt and oxygen elements in the nanoubes, X-ray
diflraction (XRI)) was conducted with a Philips X Pert
MR diflractometer (Spectris ple) using a long-{ine-focns
(o Ka radiation source at 40 kV and 30 mA. The scanning
range of 20 was sat from 20° 10 50° with a 0.03° step sive.
The crystailine stroctores of TiG, nanotubes were idemified
by comparison and analysis with FIZ/NIST Dnorganic Crys-
tal Structure Databasce.

FIGS, 1A-1K illustrates the effect of low on the growth
of TiQ), nanotubes n microtluidics. FIG. LA is a schematic
of the generation of Ti0G, nanotobes via electrachemical
anodivation under low conditions. FIG. 113 shows a bripht-
ficld image of an embodiment of an assembicd microllnidic
device, The schematic image (right nsert) shows the micro-
flnidic device that is assembled by a titanivm (11} substrate.
a polyacrylate (PA) film. a [t toil. and a block of polycar-
bonate (PC). The PA film acts as an isolating layver between
the cathode (1) and the anode {11). The PC block serves as
the cover of the microtluidic device, Four screws inserted
thirough the corners of the PC block to the Ti substrate act as
the anode electrodes. Ap additional screw that is inserted at
the center of the device and connects the Pt {bil serves as ithe
cathode clectrode. The enlarped mage (below msert) shows
the microtluidic channel fabricated on Ti by micromachin-
ing. The width and height of the channel are 500 um and 5¢
pm. respectively. FIG. 10 15 a representative SEM mmage of
2110, nanotube-covered microlluidic channel prepared with
i flow rate of 200 pl/min. FIG. 103 is o graph of the change
of thickness of the oxide layer with flow rates, F1G. 1E 15 a
graph of the percentage of the oxide coverage at diflerent
How rates in (e microlluidic clunnel. VI, 117 15 a graph of
the cllect of How rates on the inner and onter diameters of
T, nanotubes. FI1G. 16 is a graph of the effect of tow rates
on the length of TiG, panotubes. FIGS. 111 & 11 are SEM
images of a wop view of TH0, nanowbes fabricated a1 the
fow rate of T pl/min and 200 pl/min. respectively, FIGE, 1]
& 1K are SEM images of a side view of T10), nanotubes
fabrcated at the tow rate of 1 ul/min and 200 wlimin.
respectively. FI1G. 11 shows XRID patterns of annealed Ti0,
nanotubes gencrated at different low rates and i static. buik
condition. Note that nanotubes penerated at static conditions
thave a similar length as that produced at Q@ 200 w/min.
Reflection peaks from Ti are labelled by #. FIG. IM is a
graph of the inmensity ratio 1,715, of TiG, nanotubes
gencrated at different conditions, T, nanotubes produced
at high flow rates showed preference crystal orientation
{0045 atier annecaling a1 425° C,

FIGS, 2A-21) illustrates the effect of tlow on the corrent
density during anodization. FIG. 2A shows current-time
curves during the growth of Ti0OL nanotubes at ditterent flow
vates. L0, and [0 indicate different prowth stages. The
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steady state current at stage {11 corrclates to the length of
nanotubes. FIG. 21 indicates steady current density at stage
HI increases lincarly with Peclet npmber (Pe Lo/l where 1
is the width ot the channel. v is the velocity of the fluid. and
13 15 ihe diffusion cocllicient). The dotied e is a lincar
regression (tting curve with a correlation cocllicient of .99,
Uiz, 20 mdicates the length of 1103, nanotnbes corrclates
reciprocally with the average steady current density. The
doued line is a linear regression fitting curve with a corre-
lation coetliciem of 0.98. FIG. 21 illustrates the schematics
ol the regulatory roles of flow In the growth of Ti0,
nanotubes. Flow at high Pe reduces the thickness of the
diflusion layer on the top of the nanotubes and thus modilics
bovndary  conditions.  ie.  |F7), .~ e and
[ TilF ™ |0 =0 resulting in an enhanced ion tux inside the
nanotube.

FIGS. 3A-30 illusirates the ettect of flow on the spatial
growih ol TiCG, nanotubes in microflnidics. FICG, 3A shows
the schematics of the cross-sectional view ol a microfluidic
clunnel with a widih of 500 um and o height of 2050 um.
The height of channel is much larger than the widih of
channel. the velocity profile of the tow is thus parabolic in
the x-y plane. As a result. nanotubes with large inner
diameter (UG, 3E) and length (FIG. 3100 i the center of
clunnel are expecied. The change of inner diameter. shown
in F1G. 3B, and length, shown m FIG. 30, of 110, nano-
whes. respectively. across the widih of ithe channel a
ditferent tlow rates in the microtluidic device shown in FIG.
34, FIG. 3F shows the schematics of the cross-sectional
view ol a microfinidic channel with a width of 500 um and
a height of 150 um. In this casc. the height of channel 15
smualler than the width of channel. the velocity profile of the
tlow is parabolic in the v-7 plane but flat ia the x-y plane. and
thus nanotubes with relatively unitorm diameter (FI1G. 3])
and length (FIG. 31) across the channe] width are expected.
The clunge ol inner diameter. shown in FIG, 3G, and length.
shown in VI(G. 31 of Ti0O, nanotnbes. respectively. across
the widih of a chanpel at tow rates of 7.5 ul/min and 15
wlmin in the microtiuidic device shown n FIG. 3F Flow
rates of 7.5 ul/min and 15 plmin in the device showa in FIG,
3F provide similar ow velocity and Pe as the Qow rates of
106G wl/min and 200 pl/min i the device shown in FICG. 3AL
respectively. Sce labies 52 and 54,

TABLL 81

EDS analysis of clemem composition of the Ti area and Ti0, naniubes

in nmnerollundics

AL Lane s Mass  Mass Nooe Aom

Elemen No, (Kehy %] %] [%a]
Ti area
Oxyeen 3 K-Serie: 0.53249 14,90 14.13 3ro9
Titaninm 22 L-Serie: 04322 102,70 #5487 &7.01
T3 area

Oxyeen 3 K-Serie: 0.53249 44,50 RERFD] 61,69
Iannum 1.1 | -Seric: 114532 Fdir Ha 0l 23] |
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TABLE 82

Caleulation ¢ Pe in the micriuidie device with o heisln of 2030 1

Flowa rate €3 {nl nuni

| 10 (I L]
Width of channel 00
1. tpny
Herzht ol channel S0
1T [ty
U ross-sechiim an i 1o ®
A’y
Average velocity 162 x 10® 162 x 1o 162 x 10 ? 3210 ?
D=0 A (msy
Drilusivity 1= 10"
13 (m? s
Pe =T1.1.13 5.1 %1 Hr 1620
TARII: 83
Calevlatigm ol diifusion Qux inside the TicY; nanctuhes
Static Flivaw
|TiES | at the botom of L4 x 0 l4x 10"
manonubes € My
[TiFg" ] an the top of RN [T 0
manotibes (M}
Length of nanctubes 4 4
dx
DMzt 1x1o?
13 (i’ 5)
Dyiflusion (ux ST [Thhe Ak 107
Iimale w’ - k)
o nerease of Jn fow S6%

‘-'[_n‘r,‘-.-'J_\ tradic '[.s.'«rn' !

TABLE 54

Caleulation of Pe i the nucrafinidic deviee with a height of 150 win

Flow rale €3 (ul ming

75 15
Width of channel Ay
L oitm
Heiuht ol channel 1541
H qpm)
Cross-section area A 7Ax10°F
'y
Average velocily 1.62 x 10 * 33 x 0
LU=0Gamns)
I Msiviy L lo?
D im’ s
Pe= L1 13 Bis ToF

PGS, 4A-4H dllvstrates control of the growth of Ti0,
nanotubes on silicon substrates. FIG. 4.4 a schematic of the
growth of Ti0); nanotubes on a conductive silicon subsirate
(€2 1-5x107" Qhm-cm) with photoligraphically pattermed
soemeaetries. FIG. 4B is a series of SEM images of Ti(,
nanolnbes grown in paterned circle. triangle. sqvare and
logo of “RIT™, respectively, with a flow rate of 20 w/min.
FI1G. 40 are high resolution S1EM images of 110, nanotubes
grown in patterned circular shape, Images below show the
top view and side view (inset) of TiQ), nanotubes inside the
circular pattern. FIG. 413 18 a schematic of growth of 110,
nanotubes on a1 non-conductive silicon substrate (€2 1-2x
10* Ohm-cm) in a microfloidic channel. FIG. 48 is a
representative SEM image of growing Ti(, nanotubes on a
nonconductive silicon substrate. The dark arca indicates the
channel where anodization occnrs. The gray arcas show T
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coetted on silicon where no anodization ocenrs. Flow rate:
200 uifmin. The upper inset is an SEM image of the edge of
the channel where Ti in the wall was anadived w0 produce
horizomally onented Ti0), nanoobes. The lower inset is an
SEM image of Ti0), nanotubes growing m the center of the

microfindic channel, FIGS. 4F & 40 show the change of

inner diameter of horizomally onented Ti), panowbes and
the number of nanotobes per area inside the side wall of the
clunnel, respectively, FI1G. 4] s a schematic of the prowing
mechanism ol horizontally alipned Ti0, nanotubes on a
non-conductive silicon substrate. The change of the dirce-
tion of the electrical field and exposure of T1 side walls 1o the
clectrolyie flow at late stages of anodization are likely
responsible for the observed  horizontally-aligned  Ti0,
nanolubes.

FIGS. 5A-5C show the characterization of T, nano-
whes using energy dispersive X-ray spectroscopy (EDS).
FIG. SA is an SEM image of TG, nanowbe-covered micro-
{luidic channcl. The layer of Ti0), nanotubes was mechani-
cally seratched o expose the undemeath 11 substrate. FIG.
513 is an SEM image of the DS analysis in selected areas
of the TiQ, panotube-covered microllvidic channel. Green
color represents oxygen clement in the sample. FIG. 5C 15 a
graph of intensity ol 11 and O clement at different cnergy

levels, The 110 rato is estimated o be 1:2 {rom the ratio of

the peak height of O (0.452 keV) and Ti {0.523 keV).
FIGS. 6.4 and 613 show the effect of tlow on the growth

ol the oade layer fomied at the oxide-ciectolyte interlace.

FIGE. 6A & 613 show the typical SUM imapes ol the oxade

layer Tormed vader a flow rate of 1 plimin and 200 plfmin. :

respectively.

FIGS. 7A (O ulfmin). 78 (1 pliiminy. 7C (10 pl/min). 7D
(100 pifmin) and TH (200 w/min) are graphs of How rate
verses inner diameter of 10, nanotubes produced throngh
anodization in a microfluidic device,

FIGS. 8A-8C shows the effect of flow on the spatial
srowth of Ti0, nanotubes in microfluidics at different loca-
tions along the microflnidic channel. FIG. 8A 15 1 schematic
ol the micrachannel. Arrows indicate the fow direction. The
change of length FIG. 88 vpsiream and FIG. 8C down-
stream across the width of microchanne] fabricated a dit-
ferent flow rates, as ndicated. The width and height of the
clunnel are 500 wn and 2050 wn. respectively.

FIGE. 9A9C shows the effect of low on the spatial
srowth of Ti0, nanotubes in microfluidics at different loca-
tions along the microflvidic channel. FIG: 94 s a schematic
ol the micrachannel. Arrows indicate the fow direction. The
clunge of length at FIG, 913 upstream and Vi 9C down-
stream across the width of microchannel tabricated at How
rates of 7.5 pl/min and 15 ¢l/min. The widih and height of
the channel are 500 wm and 150 pm. respectively,

FIGE. 10A-10C shows the horzontal growth of Ti0,
nanotubes on non-conductive silicon substrates. VIG. 10A
shows the growth of T, nanotubes using a single micro-
tluidic channel. The thickness of Ti coating is 500 nm. The
widilh and the hopght of channel arc 1 mum and 2 mm.
respectively, Flow mate: 200 wifmin, FIG. T0B shows the
growth of Ti0L wnotubes using 1 doubic microfluidic chan-
nel. The thickness of Ti coating is 500 nm. The widih and the
height of the channel are 1 mm and 2 mm. respectively. The
distance between clunnels is T mm. Flow rate: 200 pl/min.
I 10C shows the growth of 110, nanotubes on SPR 220
3.0 photoresist patterned surfaces using a single microfluidic
channel. The width and the height of the channel are 1 mim
and 2 mm. respectively. The thickaess of the SU-8 pauern is
3 wm. Inset: dark arca was 11 layer that was exposed o Tow
o produce Ti(, nanotubues.
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FIG. 1T 1% an SEM image ol 110, nanotnbes grown on a
conductive silicon substrate. The SEM image shows the
microtluidic channel wall when anodization of Ti was con-
ducted on a conductive silicon substrate for 30 min.

FIGS, 12A-1213 show 10, nanotubes prowing on a
non-conductive silicon substrate. SUM images in VIG. 124
show the exposure of sidewalls of microtiuidic channel at
the end of anadization. FIG. 128 show SEM images of Ti0O,
nanotubes in the center of the microchannel with a much
shorter length (3764164 nm) comparing (v the original
thickness (1 wm) of the Ti film.

FIG. 13 shows early stage of the growth of TiQ, nano-
tubes on a nop-conductive silicon substrate. The SEM image
shows the nanotobes oaly grow vertically at the center ol the
microfluidic channel and no horizontal growth of nanotubes
in the side walls arc observed at the anodization time of 5
min,

FIGS. 14A-14C illustrate electrode distance regulates the
anodic growth of TiO, nanotobe. UIG. 14A shows a sche-
matics of the anosdic growth ol T10, nanotubes. The anod-
izing voltage (V) s kept a1 20. 40 or 60V The distance
herwoeen the cathode (Pt and anode (11 (d) varies at 5. 1.
0.2, or 0.05 em for each anadizing voltage. SEM images of
FIG., 1413 dop view and FIG. 140 side view ol Ti0),
nanotubes tabricated at 60V when the clectrode distance is
controlled a1 5. 1. 0.2, or .05 cm,

FIGS. 15A-C show the effect of electrode distance (d) on
the growth ol 110, nanotubes at different anodizing volt-
apes. The dependence of FIG. 15A lenpth (1), FIG. 1513
mner dismeter (11)) and FIG. 150 outer diameter (O1)) of
Ti(), panotubes on d at an anodizing volage of 20. 40 or
GOV, **P<0.01. *P=0.05. and non-significant (NS} were
calculated basced on paired t-test analysis.

FIGS. 16A-1613 show clectrode distance (d) regulates
current density (1) during the anodic prowth ol Ti0, nano-
tubes. FIG. 16A shows change of currem density with
clectrode distance when anadizing voltage is 60V, FIG. 168
shows the dependence of steady-state current density on d at
different anodizng voltages. **P<{).01 was calenlated based
on paired t-lest analysis,

FIGS, 17A-17C shows inverse of the current density (J)
correlates linearly with the structure of Ti0, nanotubes. The
dependence of Vi, 17A Jength (1), FIG. T78 inner diamceter
(113 and FIG. 17C vuter diameter (1) ol 190, nanotubes
on 1/ at an anodizing voliage of 20, 400 or 60V,

The invention will be Tunher illustrated with reference 10
the {olivwing specific examples. 1t 18 naderstood thut these
examples are given by way of illustration and are not meant
o himit the disclosure or the claims to follow,

tixample 1

An assembled microfludic device was {abricated for
srowing and regelating titanium dioxide (Ti0L) nanoubes
in tlow condition. as showan in FIGS. LA-IM. The device is
compuosed of six parts: 11 substraie (Anode) with micro-
channel pattern, polyacrylate (PA) insnlating layer with
microchannel pattern. Platinum (1) as catliade, polycarbon-
ate top cover. metal screws and polyetiyiene tubing. The
microchannel on Ti substrate was tabricated using Bridge-
port Vertical Milling machine with 500 pm and 50 pm for
widih and height respectvely, The other parts were enpi-
neered throvgh either machining or laser cunting. Diflerent
parts were assembled into an integrawed device by vsing
SCFEWS,

:lectrolyte solution was njected at low rate ol 1, 10, 100,
or 200 w/min through the microchannel via tubing and
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syringe punip. As a resnoit. the thickness of vxade layer on top
of the nanotubes and the percentage of oxide coverage were
found 1o decrease with the increasing flow rates. In addition.
the dimensions including the inper diameter and leapth of
nanotubes were improved by appiving flow condigon at
increasing {low rate, lor example. the lengih was increased
up to about 4000% as the fow rate mercased from O 0 200
wlmin. Moreover. flow condition was able to regolate the
crystal oricntation during the X-ray dillraction measvre-
ments and the erystal growth of nanotubes produced at Tow
condition 1s preferentially oriented along the |001] direction.
Collectively. the structural {c.g.. length and diameter) and
matenal {(e.g.. crystal orientation) properties of T#0, nano-
whes can be controlled by changing the magnitude of thow
rate in microfluidics during anosdization.

Iixample 2

uring the anodization in microfluidic device, current-
time curves particnlarly at high How rate showed the typical
pattems of the anodic growth of T, nanotubes. as shown
in FIGS. 2A-20. Without the change of the applied voltage.
we showed that the steady-state corrent changed with thow
rate and mcreased hnearly with Peclet number (Pe). Thgh Pe
indicates a convection-dominated mass ransport process,
Because the length of the nanotubes correlates with the
steady-stawe current. the increased steady-state current with
Pe suggests that copvective flow on the top of nanolobe
arrays plays a role in the regulation ol key transport pro-
cesses that are important o the growth ol Ti0), nanotubes,

Iixample 3

uring the anodization of 102 nanotubes 1 microfluidic

device, low velocity profile was found to be able to repolate 32

the dimension of nanotwbes. as showan in FIGS. 3A-3]
When the height of the channel in the 7 direction is larger
than the width of the chunnel 1o they divection. the velocity
profile of the low (in the x direction) is parabolic in the x-y
plane with the highest flow velocity in the middie of the
chaniel. As a result. nanotobes in the middle of channel
were produced with larger inner diameter and length. When

the height of channel 15 reduced while keeping the width of

the channel unchanged, the parabolic flow profile switched
from the x-y plane 1w the x-z plane and left a relatively
vaiform velocity distnbution in the x-y plane. Thus the
nanoitubes could be produced with relatively unitorm iner
tiameter and length across the channel. Colicctively, the
spatial distobotion of nmnotube structure o microlluidics
can be controlled by manipulating the flow velocity profile
during anodiazation.

Fixample 4
A conductive silicon substrate (€2 1-5x107% Ohm-cm)
with the deposition of a 500 nom thickness matailic T
thin-film was nsed as substrate instead of 11 substrate for the
anodization in microllundics as shown m FIGE., 4A-4iL
Nanotubes could be controllably patterned oo different
geomelries throvgh using photolighreraphy and the nano-

tubes were {abrcated with an average dismeter and length of

78 nm and 304 nm, respectively, Remarkably, when Ti0),
nanotubes were anodized microfluidically on a 11 thin-tilm
(1 wm thick) that was deposited on a poa-conductive silicon
substrate (82 1-2x10* Ohim-cm}. horizontally-aligned nano-
tubes relative to the silicon substrate were produced wside
the walls of the channel while vertically-alipned nanotubes
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wuere present in the center of the channel. In addition, the
inner diameter and density of horizontally-aligned pano-
tubes increased with fow e, Theretore. the alignment of
nanoinbe growth in microthndics can be regulaed when a
Ti-coating non-conductive silicon substrate is applicd.

txample 5

Characterization of Ti(, nanotubes vsing energy disper-
sive X-ray spectroscopy (11D8) was conducied o determne
the clemental property of nanotubes, as shown in FIGS.
S5A-50. Green color represents oxygen (O) clement in the
sample and the imensity of Ti and O clement at diflerent
energy levels was evaluated. The TVO ratio is estimated w
ba 1:2 froum the ratio of the peak height of O (0452 keV) and
T (0,523 kel

tixample 6

The thickness of oxide laver on the top of Ti), nanoubes
was {ound 0 be able to minimize by ncreasing fHow rate in
microlluidics device, The SEM images of FIGE. 6A-603
show the different of oxade layer when How rates are 1
plfimin and 200 ulmin. respectively.

lixample 7

Ti( nmnotubes produced through ansdization in micro-
flvidic device perform homogenows inper diameter. as
shown in FIGS. 7A-TE,

lixample 8

The spatial growth of Ti0, nanotubes at vpstream and
downstream of microflvidic device shown in FIG. A that
has the heighn of 2050 wm. Nanowbes were pradoced with
mcreased length when anodized n device with high channel,
as shown m FIGS. 813-8C.

tixample 9

The spatial growth of TiO, nanotubes at upstrcam and
downsircam of microfluidic device shown in FIG. 9A that
tas the height of 150 pm. Nanotubes were produced with
relatively homogenous length. as shown in FIGS, 93-9C.

Fxample 1)

tHorizontal growth of 10, panotubes on pop-conductive
silicon substrates can be achieved by applying 200 pl/min
fow rate m different sctup, including single microllnidic
channel with 500 nm thickness ol 'Ti coating. double micro-
fnidic channel with 1 mum distance and 500 am Ti thickuess,
and single microtividic channel with photoresist patterned
on the top. as shown in FIGS. 10A-10C.

Fxample 11

tHorizontal growth of TiO, nanoobes cannot be achieved
by usmg conductive silicon substrate. as shown n FIG. 11,

Iixample 12
tHorizontal growth of TiO, nanowbes only formed in the

wall arca mstead of cenier oi the microchannel. as shown in
FIG, 12A-121.
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Pixample 13

tHorizomal growth of TiO, nanotubes is apodizing time-
dependent. 5 minutes apodization is not long enovgh for
forming horsontal alipned nanotobes, as shown n FiG. 13,

tixample 14

This example investigates the elieet of electrode distance
on the anodic prowth ol Ti0O, nanotubes and show that the
length and diameter of mnotubes change with the decrease
of clectrode distance. At elevated anodizing voltages. the
change of the lenath and diamcter of panotubes becomes
more sensiiive 1o the change ol electrode distance. These
results reveal previously mdentificd cliect of clectrade
distance on the growth of Ti0, nanotobes and thus provides
an approach o enhance the growth of Ti(, panotvbes
without increasing the applied electric voltage or changing
the electrolyle composition. The developed approach may
{ind applications in the development ol 150, nanstube-based
micro-devices for sensing. photocatalysis. and biomedical
engineering.

Materials,

.5 mum thaek titanium film (99.2% pure) and 0.001" thick
platinum (PO Olm (99.9% pure) were purchased {rom Alla
Acsar (Ward Mill. Mass). The elecirolvie solmion tor
anodization was prepared by mixing 15wt % NULE (Sigma
Aldrich) and 3 ml DI water with 145 ml Hihylene Glyeol
(VWRY. TICT(37%) was purchased {rom Sipma Aldrich. The
same clecwrolyie solution was vsed tor ixamples 1-13.

Instroments.

Eleciric power supply {(TKD-Lambda) was vsed 10 con-
duct electrochemical anodization. The current density dur-
ing anodization was recorded by BenchVue soltware, High
resolution image of TiQ, nanotubes were captured by Scan-
ning clectron microscope (FIR-SEM. Zeiss Cross Beam).

Blectrochemical Anadization.

11 and Pt films were submerged m the clectrolyte solution
in a beoker. Tiamum {ilm was conneciled o the power
supply as the anode. whereas the cathode was clicked on Pt
film. Distances between Ti and Puiilms were controlled at 5.
1. 0.2, or 0.05 cm during anodivation. The applied voltage
between the anode and cathode was controlled at 20. 40 or
GOV for cach electrode distance. Anodization was conducted
for 30 min at room temperature (25° C.) for all expenments.

Imaging and Siwatistical Analysis.

The Ti0), samples were clehed with TICT for 2-5 min and
then cleancd with acetone belore SEM imaping. lmage T was
wsed w caleulate the lenath and diameter of T¥O, nanotvbes
based on SEM images. To determine significant diflferences
of data between experimental parameters. Student’s 1-lest
was perlormed where P<0.05 was considered sipmficant.
zach set of experiment was conducted for more than three
times. The data was expressed as mean+/—standard devia-
tioh.

The anodic growth of Ti0), nanstubes was conducted in a
static bath with an clectrolyte that contained ethylenc glycol
and NELE (IG. 14A). Platinum {oil was used as the cathode
and ttanium foil served as the anode. We kept the compo-
sition of electrolyte and anodization time (30 min) same tor
all experiments and decreased the distance between  the
anode and cathode at constant anodizing voltages. VIGS,
148 and 14 showed typical SEM images ofl respectively.
the top and side views of Ti0, nanoubes produced at 60V
with varied anode-to-cathode distances. Lividently. both the
diameter and the length of nanotubes increased with the
decrease of clectrode distance. In addition, the ellect of
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clectrode distance on the length of nanotubes became more
significant when the magninde of the anodizing voltage
increased. For example. the electrode distance did po sig-
nificantly attect the growth of nanotubes when the anodizing
voltage 15 20V {except when the clectrode  distance
decreased to G.05 cm (P<G.05)) (F1G. I5A). However. the
lengih of nanowbes increased signiticamly with decreased
clectrode distance when the anodizing vollage was 40V and
A0V, The etfect of electrode distance on the inner and suter
diameter of nanotubes has the similar trend (FIGS. 1513 and
1507), suggesting a regulatory role of clectrode distance in
the growth of T3, panotubes.

The anodizing current density was examined o different
clectrode distances 1o explore why the clectrode distance
affects the prowth of nanctubes. FIG. 16A showed the
current-time characteristics of anodization at 60V at difler-
ent electrode distances. Corrent-time curves showed typical
patierns of growing nanotubes and the magaide of steady
staile current density increased with the decrease of electrode
distance (FI1GS. 16A and [68). Such ncrease of current
density at a constant voltage conld be attributed to the
ncrease of eleciric field (B V/d. where 15 is electne fleld. ¥
15 voltage. and d s the clectrode distance) at a deercased
clectrode distance. Because the magnitude of steady state
current density corrclates positively with the length of
nanotubes. the increased corrent density at a short electrode
distance may contribute o the observed effect of electrade
distance on the length of nnotubes (PG, 15A). Increased
current density could alse canse a rapid clectrochenncal
dissolution and lead 10 the widening of the pore structures
and thus praduce nanotubes with enlarged diameters. Col-
lectively. it is likely that decreasing the elecirode distance
results in a significant increase of clectne ficld and conse-
quentiy an increased corrent density, which in turn promotes
the clecirochemical dissolution process and helps nanotubes
to penetrate into the oxide layer in a more eflective manner.

In addition. becavse clevated voliages will increase the
current density at a constant clectrode distance. decreasing
of electrode distance at high voltages can lurther mercase
the current density and thus impact the panotube structure
more ellectively, Indeed. when correlating the panotube
diameter and lengih with the stcady current density at
different clectrode distances and voltages (FIG. [TA) the
length of nanotubes changed lincarly with the inverse of
corrent density and the slopes of these lincar regression
increased with the increase of voliage (e, 489, 1442, and
2327 nAddm for at 2000 40V and 60V, respectively),
demonsirating that the prowth of nanotubes 15 more scasiive
tr the change of electrode distance at high voltages. Similar
trend was Tound tor the inner (F1G. 1713) and outer diameter
{(F1G. 17C). These results thus demonsirawe that the anodic
growth ol i, nanotubes is cnhanced @t decreased clectrode
distances and the growth of Ti(Q, nanotubes 15 sensitive to
clectrode distances at high voliages.

Abhhovgh various embodinents have been depicted and
deseribed in detail herein. 1 will be apparent to those skilled
in the relevant art that various modifications, additions,
substitutions, and the ke can be made without departing
from the spirit of the invemion and these are theretore
considered 1o be within the scope of the invention as defined
in the claims which foliow.

What is claimed:
I. A method for growing nanotwbes via flow-regulated
clectrochenmical anodization. comprising:
{lowing in 4 lammar Jow an clectralyie between a metal
anode and metal cathode within a channel up o 500
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microns wide. whercin the distance between the anode
and cathode is from 150 microns 1 2050 microns:

providing an electrical current across the anode and
cathorde sullicient to cavse elecruchemical anadization
growth of nanctubes on a surface of the anode: and
controlling a rate of the lammar ow 1o etlect a desired
growth of the nanotvbes in a laminar flow region.
wherein the laminar flow compnses a flow rate having
a Peclet number of above 100 sullicient to mhibit
growth of an oxide layer on the nanstubes.

2. The method of claim 1. wheren the low is 2 micro-
thuidic How.

3. The method of claim 1. wherein the metal cathode
comprises Pl

4. The mcthod of claman 1. wherein the metal anode
comprises litapium. alominum. vanadium. zirconivm. hat-
nium. giobinm. tantalum. or wagsten.

5. The method of claim 1. wherein the nanotubes com-
prse Ti0),.

6. ‘The method of clam 1, whercin the fow rate s
controlled w determine the length of the nanotubes.

7. The method of claim 1. wherein the flow rate is
controlicd 1o determine the inner and outer diameter of the
nanotuboes.

8. The method of clam 1. wherem ihe laminar {low
comprises a flow profile which is controlled 10 determine the
distribmicon of the napowbes within the channel.

9. The method of clam 1. wherem ihe laminar {low
comprises a Reynolds number of below about 2000.

10. The method of claim 1. wherein the tlow rate com-
prses a Peclet aumber of above about 1000
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