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Titanium dioxide nanotubes (TiO2 NTs) are highly versatile materials for energy, sensing, environmental, and
biomedical applications. This paper explores TiO2 nanotube characterization and electrical imaging by high-
frequency impedance spectroscopy (HFIS) with nanoelectrode array sensors. HFIS offers promising alterna-
tives to traditional methods to characterize nanoscale objects, as it detects distinctive electrical and morpho-

This work integrates: i) measurements with an advanced HFIS nanoelectrode array platform; ii) physics-based
numerical simulations of the HFIS signal transduction mechanisms; iii) compact models for the estimation of
geometrical and morphological parameters, to provide outlooks for the multiparametric characterization of
single TiO, nanotubes at the platform sensitivity and resolution limits.

1. Introduction

Titanium dioxide nanotubes (TiO, NTs) have attracted considerable
attention for several applications in the energy, sensing, environmental,
and biomedical domains [1-5]. For instance, remarkable transduction
capabilities of TiOy NTs for gas sensing have been extensively demon-
strated [5,6]. In particular, the large surface area generated by the
tubular morphology enhances the electrodes’ sensitivity to gases, and
the modification of the NT band structure through the incorporation of
dopants improves the catalytic properties [5]. TiOz NTs also demon-
strated technologically relevant properties for energy storage, including
micro-batteries, supercapacitors, fuel cells [4], and dye-sensitized solar
cells [7]. Last but not least, their utility extends to the biomedical
domain, where they have been used as coatings for biomedical implants.
In this context, TiO2 NT layers have shown good adhesion, proliferation
properties, and biocompatibility, making them suitable for applications
in dental and cardiovascular stent applications [3,8]. Moreover, in
powder form, TiO; NTs have shown efficacy for microbial disinfection
and the degradation of pollutants [9]. The lack of fast, accurate, and
low-cost, physical/morphological characterizations of single TiOz NTs is
a notable limitation to their widespread use [10].

Indeed, achieving a good control of the TiO; electrical properties is
fundamental for applications such as sensing and energy. Electrical and
geometrical properties are usually characterized separately, and with
traditionally bulky and expensive imaging technologies [11]. Robust
and accurate multiparametric technologies simultaneously providing
morphological and physical features would be extremely useful.

High-frequency impedance spectroscopy (HFIS) with nanoelectrode
arrays [12] is an interesting option for multiparametric characterization
of single TiO, nanotubes. HFIS with nanoelectrodes array enables
spatially distributed detection, capacitance measurement, and imaging.
Moreover, it has already proven its ability to detect distinctive
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impedance fingerprints, such as the conductive vs dielectric nature and
the permittivity of single spherical analytes, and their dimensions down
to decananometer scales [13-18].

The spectrally resolved high-frequency regime mitigates the AC po-
tential decay in electrolytes (Debye screening). Indeed, in the field of
impedance measuring systems with electrode arrays, where numerous
recent studies have made significant contributions [19-29], the plat-
form of this work remains one of the best in terms of array density,
electrode size, spatial and capacitance resolution, and maximum mea-
surement frequency [12,30].

The challenge is to characterize large aspect ratio TiOp NTs with
dimensions and electrical response comparable to the spatial and
capacitance detection limits of the technology.

Our study provides preliminary analysis and perspectives for TiOo
nanotubes morphological and geometrical characterization integrating
and matching physics-based numerical simulations and experimental
results. Compact formulas are provided to estimate the NT projected
length and in-plane rotation on the array. Physics-based numerical
simulations with electrical parameters from the scientific literature and
geometrical parameters extracted from SEM images are carried out and
matched to the experimental results.

In the following, Section 2 describes the NT fabrication process, and
the experimental and numerical simulations setups. The methods for the
geometrical characterization are reported in Section 2.4. Results are
reported and discussed in Section 3. Conclusions are drawn in Section 4.

2. Materials and methods
2.1. TiOz nanotube fabrication

The NTs were fabricated by the electrochemical anodization method
[4]. First, 10 x 10 mm titanium foils were cleaned in an ultrasonic bath
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with acetone and ethanol. Anodization was carried out in a conventional
two-electrode cell at room temperature, where titanium served as the
working electrode and platinum as the counter electrode. The electro-
lyte was glycerol containing 0.5 wt% NH4F and 2M H30. Anodization
voltage and time were 20 V and 30 min, respectively. As-prepared
samples were annealed at 400 °C for 3 hours. Morphological analysis
of prepared material was carried out using field emission scanning
electron microscopy (Carl-Zeiss, AURIGA Compact FIB-SEM). Structural
characterization of materials was performed by Raman spectroscopy
(Jasco NRS5100 confocal Raman microscope equipped with an excita-
tion laser diode, laser wavelength 785 nm).

2.2. Experiments

The HFIS nanoelectrode (NE) array platform, based on a chip by NXP
Semiconductors [12], is used to analyze nominally monodisperse solu-
tions of the anatase TiO2 NTs. The key features of the platform are
summarized in the following.

Fig. 1a shows the experimental setup and the NE array chip. The
latter features 256 x 256 individually addressable NEs, with a radius of
90 nm and pitch py x py, = 600 x 890 nm. Once calibrated with the
procedure described in Ref. [12], the platform measures the capacitance
variation at each electrode (AC(i,j)) induced by the NTs:

AC= Cw—analyte - Cw/o—analyte (€Y)

where Cy_gnatyse @and Cyyo—analye are the measured capacitance values
with and without the analyte, respectively. Both are time average values
over ~100 consecutive measurements before and after the arrival of the
NT, respectively. The platform has two main operation modes:

i) single frequency, when the capacitance is measured overtime for
each of the 256 x 256 electrodes at one operating frequency (typi-
cally 50 MHz), resulting in a sampling rate of the entire array of ~5.6
Hz.

ii) multi-frequency, when each NE capacitance is measured with Np
sequential frequency values within one frame. In this case, the frame
rate is ~ 0.075 Hz, depending on Nr and the frequency range
considered.

The system implements temperature control (Peltier cell model ET-
127-10-13-RS by Adaptive, PID temperature controller PR-59 by Laird
Technologies) and the custom microfluidics described in Ref. [32],
which is used to carry the sample in the measurement chamber. Fig. 1b
sketches an NT over a portion of the NE array and defines the main
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geometrical and physical parameters of the system.

The 0 and ¢ are the rotation angles in the vertical (x-z) and horizontal
(x-y) plane and they span the [0, 90]° and [90, 90]° ranges, respectively.
The NTs were detached from the Ti foil substrate and dispersed in 2 mL
of deionized water and 2 mL of NaCl 150 mM solution, sonicated, and
then introduced into the microfluidics chamber for the measurements.
We employed an ultrasonic homogenizer CPX-750 by Cole Parmer with
an operating frequency of 20 kHz at ~ 500 W for 2 minutes. Analytes
were detected as capacitance steps at each electrode by applying a
moving-average algorithm to the time series of each electrode as in Refs.
[13,17,32]. 85-th percentile outliers were removed based on the
experimental cumulative distribution function of the 14 outermost
electrodes (first and last rows) noise (experimental standard deviation)
of the 7 x 7 sub-array around the detected object [17]. Additionally, the
average AC of the 14 outermost electrodes in the 7 x 7 sub-array has
been subtracted from the experimental data to eliminate unwanted
drifts and offsets [17]. Finally, we verified the presence of single
nanotubes in the analyzed solution. The 10 pL of the analyzed samples
were dried on a SiO, substrate and cleaned with IPA to remove saline
residues, this procedure was repeated 3 times to increase the nanotubes
concentration on the substrate. For this analysis we employed the
scanning electron microscope of a dual beam FIB-SEM FEI Strata
DB235M, results are reported in Section 3.1.

2.3. Simulations

Numerical simulations of the sensor response were run with ENBIOS,
an in-house, accurate CVFEM simulator that self-consistently solves the
Poisson-Boltzmann equation and the coupled Poisson-Drift-Diffusion
equations for all ion species in the electrolyte across the 3D domain of
the NE array chip [33]. The effectiveness of the simulator in reproduc-
ing, predicting, and supporting the interpretation of experimental re-
sults has been widely explored and demonstrated [12,13,15,16,32,34].
The simulated 3D domain reproduces a portion of the experimental one
(typically a 9 x 11 array, to reduce the impact of boundary conditions).
The capacitance variation in the switching regime (according to the
hardware measurement principle [12]) is derived from the AC numeri-
cal simulations as described in Ref. [12]. The values of the main
geometrical and physical parameters (see Fig. 1b) are those in Table 1, if
not otherwise stated. An important sanity check for the validation of the
numerical simulation setup is that the capacitive response of the sensor
to small (spherical) particles is expected to depend linearly on the
analyte’s volume (Q) [37]. Fig. 2 shows numerical simulations of NTs
with different wall-thickness Tyt and constant outer radius Ryt, thus

(b)

Fig. 1. (a) HFIS nanoelectrode array sensor platform. (b) Sketch of a nanotube over a 3 x 3 sub-array. The main geometrical and physical parameters are reported.
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Table 1
HFIS parameters used in experiments and simulations.

Electrolyte NaCl 150 mM, H,O
Electrolyte relative permittivity (e ¢) 80
Single Frequency 50 MHz

Multi-Frequency
NT relative permittivity (e,nr)

2-70 MHz, Ny = 10
48 (anatase TiO,) [35]

NT conductivity (onT) 2 S/m [36]

NT length (Lnt) 1200 nm (Fig. 3)
NT radius (Ry7) 25 nm (Fig. 3)
NT wall thickness (Tn7) 7 nm (Fig. 3)

Table 2
Ensemble average of the estimated parameters in NaCl and H,O. Complete
histograms are reported in Fig. 9.

Lp.est (nm) best () Oest ()
NaCl 900 14 41
H,0 958 30 37

resulting in different NT volumes at constant NT centroid and d,. The
responses nicely follow straight lines that project to an extremely small
AC ~ 1 aF (smaller than the platform noise limit) for Qyr = 0, as ex-
pected. These results confirm the validity of the simulation setup and
support the use of the compact model of [37] also with non-spherical,
high aspect ratio analytes such as the NTs of this work.

Numerical simulations were also used to gain insights into whether
the detected objects are single NTs or a cluster of NTs (Cluster-NT). Due
to limited computational resources, we focused on those clusters that are
more difficult to discriminate from single nanotubes. Consistently, we
calculated the sensor response approximating the cluster with a cylinder
of the same length L as a single NT. The cylinder radius is computed as
Reiuster = \/ Veluster/ 7L where Veyser = N - Qnr, N is the number of NTs in
the cluster and Qyr is the single NT volume. According to this choice, the
cylinder has the same volume as the cluster; hence, at first order, the
same response [37].

2.4. Approaches for multi-parametric characterization
Due to the higher sampling rate (see Section 2.2) single frequency

electrical images are more suitable than multifrequency ones for
extraction of key geometrical parameters, such as the NT projected
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Fig. 2. Simulated nanoelectrode response (-AC) at 50 MHz in NaCl 150 mM as
a function of the analyte volume Qur for different vertical displacements (d,).
The volumes correspond to Tyr = 3, 5, 7, and 10 nm and constant Ryr = 25 nm.
(dy, d,)=(0,0) nm. Other parameters are reported in Table 1.
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length on the array. To this end, 3 x 3 sub-array electrical images (at 50
MHz) of individual NT (i and j €{—1,0,1}) are analyzed. The choice for
the sub-array size is justified according to results reported in Section 3.2.

The central electrode (0, 0) of the chosen sub-array is by definition
the one with the largest (in absolute value) AC response. The center of
the central electrode is by definition the origin of the cartesian reference
system. The NT projected length (L, .;) on the array plane is estimated
by averaging the pixel distances by the corresponding measured AC(i,j):

(2

2
with  d(i j)* = i-p)* + (j-py)

where p, = 600 nm, and p, = 890 nm for this work. According to (2) the
estimation is in principle independent of ¢, because the equations
leverage on the known electrodes’ position in the 2D plane. This con-
dition has been verified by applying (2) to numerical simulations with
varying ¢ (£30°, £60°, 90°). The variation in L, ¢ is limited to lower
than 2 %.

The rotation angle in the horizontal plane ¢ can be estimated (with
bias) by exploiting the array’s central symmetry and by knowing the
array geometry. In particular, for each electrode (i,j) # (0,0), the angle
between the axis passing through the center of electrode (i,j) and the
center of electrode (0,0) and the positive horizontal axis (¢;;) is
weighted by the AC at electrode (i,j), thus finding ¢, as:

SAC(L)) - by

ij
Gest =

SACG)) ®
1

e 1 (J-py
—tan (1L
$(i,j) = tan (i. px)

¢(7i~, 7.]) = ¢(17])

The central electrode (i,j) = (0,0) is excluded from the summation
since it is assumed that rotations of the NT around the electrode of
maximum response (hence, minimum distance from the NT) do not
affect the AC(0,0).

with : ¢;; =

For a 3 x 3 array and (py, py) = (600, 890) nm:

-56° 90° 56°
b= 0° excl. 0° 4)
56° 90° -56°

As regards the electrical properties of a single NT (highly relevant for
energy and sensing applications), HFIS has already been shown by ex-
periments and simulations to discriminate relative dielectric permit-
tivity of the analyte [15,18]. In this work, the physical and geometrical
properties in Table 1 are confirmed by direct comparison between
measured and simulated capacitance spectra for single-NTs in NaCl so-
lution, see Section 3.4.

3. Results and discussion
3.1. TiO; nanotubes fabrication results

Morphological observations (Fig. 3a and b) indicate the synthesis of
well-oriented NTs with an average diameter of approximately 50 nm and
wall thickness of 7 nm. The average length of the tubes is 1200 nm. Fig. 4
illustrates the Raman spectrum of the NTs. It shows Raman active modes
at144 cm™!, 399 cm™!, 516 cm ™}, and 639 cm ™!, which can be ascribed
to the anatase crystalline phase of TiOy [31].

Fig. 5 shows a representative image of a single nanotube observed in
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Fig. 3. SEM images of the fabricated TiOy NTs: (a) lateral image of TiO5 NTs;
(b) and (c) surface images of TiO2 NTs at different magnifications.

the analyzed solution.

3.2. Estimated detection limits for TiO, nanotubes

In this section, we explore by simulation the implications of the
nanoelectrode array platform noise floor (about 1-2 aF) on the accuracy
of the NT detection and physical/geometrical parameter extraction
procedures outlined in Sect. 2. The main novelty we encounter is the
combination of extremely small diameter and wall thickness with the
large aspect ratio of the NTs. The expected large value of the relative
dielectric permittivity also reduces the image contrast with respect to
the electrolyte. As a result, the order of magnitude of the AC is only a few
tens of aF, which is close to the noise limit of the system [12,13].

The simulated AC for anatase TiO3 NTs with the material parameters
of Table 1 and different wall thickness, Tyr, elevation, d,, electrolytes,
and measurement frequencies, is always negative, as expected for un-
charged dielectric materials [12,13,15,32], see for instance Figs. 2, 6a
and 6b.

In order to identify the optimum size of a single NT image for
parametric characterization, we start observing that the nominal length
of the NTs (1200 nm) exactly matches the 2-p, value, and it is lower than
2-py. If we set the electrode with maximum response in the center of the
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Fig. 4. Raman spectrum of fabricated TiO, NTs, which shows peaks that
correspond to the anatase crystalline phase of TiO,.

500 nm

Fig. 5. SEM image of a single-nanotube identified in the analyzed solution.

NT capacitance image, then a 3 x 3 sub-array is always sufficient to
enclose the NT. Larger sub-arrays would only introduce unwanted noise
in the NT image; hence, in the parameters extracted with Egs. (2) and
(3), as discussed below.

Fig. 6a confirms the validity of this choice by showing the mean and
the minimum (highest response, since AC < 0) response of the electrodes
at the edge of a 5 x 5 array having an NT inclined at different ¢ angles
for deionized H,0 and 150 mM NaCl solution. The |AC| is < 0.15 aF, i.e.
one order of magnitude lower than the typical measurement noise [12,
13].

Additional simulations with varying 6 bring to the same conclusion.
Indeed, Fig. 6b shows the simulated AC for the worst case scenario of a
single NT at ¢ = 0°, Lyt = 2-px, (dx, dy, d;) = (0, 0, 20) nm, and 6 < [0,
25]°. For 6 > 5° the central electrode of the original sub-array is no more
the one with the largest |AC|, as evident from the green line (electrode
(0,0)) approaching zero faster than the red line (electrode (0, —1)).
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Fig. 6. Simulated AC for a single NT at 50 MHz, (d, d,, d.) = (0, 0, 20) nm and
parameters as in Table 1. (a) Mean and minimum of values of the electrodes
surrounding the 3 x 3 central sub-array for deionized water and 150 mM NaCl
solution. (b) AC as a function of 9 at electrode (0, —1), (0, 0), and (0, +1). The
inset shows a typical 5 x 5 sub-array response at # = 5° (with 150 mM NaCl
electrolyte).

Therefore the 3 x 3 sub-array shifts one position to the left. When this
happens, however, the |AC| for the electrode (0, +1) is already <0.7 aF,
essentially undetectable in real measurements. Simulations with ¢ = 45°
and 90° (not shown), lead to the same conclusion.

Therefore, consistently with previous investigations on spherical
nanoparticles of comparable size [13,32], we conclude that a 3 x 3
sub-array centered on the electrode (pixel) with maximum response is
sufficient to investigate individual NTs of the explored length, regardless
of their in-plane and out-of-plane orientation.

Fig. 10 shows the simulated capacitance response as a function of the
Cluster-NT size. As expected the |AC| is higher as the NT cluster size
increases. The mean measured value is compatible with the numerical
simulation of single NT or tiny clusters, the outliers are indeed more
likely to be cluster-NT up to 5 x 5 size.

3.3. Extraction of geometrical features

The object detection and data elaboration procedures described in
Section 2 led to identify 15 samples in HoO and 15 samples in NaCl
solutions, respectively, having a |AC(0,0)| larger than 2 x the experi-
mental standard deviation of the capacitance signals and a pixelated AC
response attributable to a cylindrical-shape analyte. Fig. 7 shows the
distributions of the measured AC values. We see that, on average, the
ACs are larger (in absolute value) for NaCl solution than for deionized
water, as expected.

Fig. 8 shows typical 3 x 3 AC maps of two NTs (sketched in red
according to the estimated Ly e and ¢es) over the nanoelectrode array
for NaCl and H5O solutions.

Fig. 9 reports the estimated projected length L,.; and in-plane
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Fig. 7. PDFs of the experimental AC in NaCl and H,O solution in single fre-
quency (50 MHz) operation mode, after data elaboration and outliers exclusion
described in Section 2.2.

rotation angle ¢, using Egs. (2) and (3) on experimental data, respec-
tively. The mean value of ¢, is close to the expected one (~ 20°, i.e.
mean value of the ¢;; matrix in (4)). As for the L, ., similar values are
found for both electrolyte solutions, which are smaller than the nominal
Lyrmeasured from Fig. 3. This result can be due to: a non-zero tilt of the
NTs in the vertical direction (6 # 0 on average), a rupture of the NTs
(upon detachment from the substrate or during the solution sonication
phases), or both.

Considering the former hypothesis (6 # 0), from a simple geometrical
analysis of Fig. 1b we can estimate the elevation angle 0, according to:
_Lpest

)

coS(Best)

T Lyy

Equation (5) then yields 6 ~ 37° and 41° for Hy0 and NaCl solutions
respectively, as reported in Table 2.

Note that an inherent ambiguity exists for elongated nanoscale ob-
jects with a size comparable to the array’s pitch, between the centroid
position (dy, dy) and the vertical orientation angle, 6. Indeed, two such
objects, one with elevation angle 6 # 0 and (dy, d,) = (0, 0) nm, and the
other with 6 = 0 and (dy, dy) # (0,0) nm, can produce very similar single
frequency capacitance images. In fact, the AC depends on both the
volume of the NT’s portion in proximity of the examined electrode and
the unperturbed electric field at the analyte’s position [37]. The eleva-
tion of one of the object’s extremes and the horizontal displacement of
the object independently affect both these quantities, resulting in highly
similar pixelated capacitance responses. The analysis of large sets of
capacitive spectra with advanced statistical methods such as, for
instance, Bayesian inversion and machine learning, could possibly
address this issue.

3.4. Comparison between measured and simulated spectra

Figs. 11 and 12 show the nanotubes’ experimental spectra in NaCl
solution. Numerical simulations with parameters reported in Table 1 are
also reported. In particular, Fig. 11 shows the simulated spectrum of a
single-NT, which agrees well with the average measured spectra. Since
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Fig. 8. Typical 3 x 3 results of an NT measured with nanoelectrode array in single frequency (50 MHz) mode in NaCl and H,O. The central electrode (0,0) is the one
with the highest response by definition. The NT with estimated approximate L, and ¢ is depicted.
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Fig. 9. Histograms of L, . and ¢, from experimental results and Egs. (2) and (3) respectively, for NTs in NaCl solution and deionized water at 50 MHz. The mean

values of these distributions are reported in Table 2.
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Fig. 10. Numerical simulation of the capacitance response |AC| as a function of
the cluster size for different d, values. The mean measured value and the 5th
percentile outliers of distributions in Fig. 7 are also shown.

the single-NT simulation was performed with d, = 100 nm, a cluster-NT
would match the experimental results only with a higher d, which is
unlikely to be the case based on past analysis of d, distributions in the
sensor [32]. On the other hand, the experimental spectrum in Fig. 12 are
less likely to be those of a single-NT, since it agrees with a numerical
simulation of a 3 x 3 cluster at d, = 75 nm, which is comparable to the
simulation reported in Fig. 11.
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Fig. 11. Experimental results of expected single-NT and numerical simulation
matching the average spectra. The simulated (¢, 6, d,) are (0°, 0°, 100 nm) and
parameters reported in Table 1.

4. Conclusion

We report, for the first time to our knowledge, high frequency
impedance spectroscopy of single TiO, nanotubes featuring a very high
aspect ratio. Our work proposes a few simple equations for a first-order
characterization of the basic geometrical parameters of these cylindrical
analytes. The object detection and estimation procedure avails itself of
accurate two-dimensional numerical simulations of the sensor response,
which help identify the best conditions (especially image size) for the
purpose.

Although this work still lacks a statistically large experimental
dataset, and despite inherent parameter correlations (which give rise to
non-unique parameter sets matching equally well some of the sensor
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Fig. 12. Measured and simulated spectra of a single-NT and a 3 x 3 cluster in
150 mM, NaCl solution environment, for dy = d, = 0, & = 0°. For the single-NT
(¢, 6, d,) = (0°, 0°, 6 nm), (¢, 6, d;) = (0°, 0°, 75 nm), all the other parameters
are those reported in Table 1.

responses), this preliminary work suggests that useful indications on the
nanotube length, orientation, and clustering can be extracted from
capacitance images utilizing nanoelectrode arrays.

Simulations of the spectral response, consistent with the parameters
estimated from single frequency data, yield good agreement with ex-
periments, thus indirectly confirming the values of the dielectric prop-
erties of single NTs derived from the literature. More extensive
measurements and simulations, possibly leveraging Bayesian inversion
and machine learning statistical methods, will likely provide new in-
sights on the charge state and the exact positioning of the NTs on the
array, both being important for NTs characterization.
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