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ABSTRACT: Selective electrochemical sensing of dopamine and ascorbic acid has great
importance to address the issue associated with neurological disorders including Parkinson’s and
Alzheimer’s diseases. In this work, we combine atomic layer deposition with sonication technique to
produce metal oxide microtubes. The Janus nanomembranes deposited on a sponge template with
single-side porous structure are triggered to roll under the sonication. The influence of the
nanomembrane thickness, the post-treatments, and the solvent polarity have been investigated, and
the results demonstrate the universality of the current approach in fabricating microtubes from
different oxides Janus nanomembranes. In addition, microtubes after functionalization are used for electrochemical sensing of
dopamine and ascorbic acid. The fabricated DA sensors exhibit great selectivity and sensitivity with an ultralow limit of detection
(0.025 μM) and a wide detection range (0.4−80 mM) due to their tubular structures, the porous inner surfaces, and the exposure of
active sites. The microtubular sensor maintains a stable sensing performance after 12 days. This sonication-triggered rolling process
has potential in producing various 3D microstructure and therefore may have important applications in future micro-/nanodevices.
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■ INTRODUCTION

Morphology plays a major role in programing the function of
materials.1−3 For instance, owing to the difference in shape and
dimension, the properties of fullerenes, graphene, and carbon
nanotubes are quite different from each other.4,5 Consequently,
their potential applications are quite different.6 Specifically,
dimension conversion of nanosheets often results in some
unexpected properties, such as optical properties,7,8 mechanics
characters,9 and electrical behaviors.10−13 Tubular structures
made from oxides, such as TiO2, Al2O3, and ZnO,14

demonstrate more active sites in comparison with their
nanowire/rod counterparts and have recently been widely
used in energy applications and sensors.15−19 For example,
hollow microtubes were prepared with large specific surface
and the novel surface morphology, which have potential
applications in the fields of catalysis, sensors, and drug
delivery.18 In the field of electrochemical sensing, many
previous reports have demonstrated that the morphology also
plays a crucial role in sensing performance,20−22 and the
enhanced electrochemical properties depend on not only the
material intrinsic characteristics but also the morphology and
geometry.23

It is worth noting that some biomolecules with important
physiological function of human body (e.g., dopamine (DA)
and ascorbic acid (AA)) exist in the body with very low
concentrations. Hence, highly sensitive detection is of
importance for medical treatment. Previously, researchers
have been devoted to fabricating high performance biosensors
by using different active materials and composites.24,25 For

instance, Qing et al.24 fabricated polypyrrole-loaded PVA-co-
PE nanofibers for dopamine monitoring. Reddy et al.21 used
dopamine modified carbon nanotubes as dopants of poly(3,4-
ethylene dioxythiophene) to prepare hybrid films for
biosensing. These researchers, however, generally prepared
flat electrochemical sensors with active materials on the outer
surface. We consider that the biosensors with active material in
microtubular geometry which can confine target biomolecules
should possess enhanced device performance and thus may
have great potential.
So far, a considerable number of different strategies have

been developed to prepare tubular structures.5,26−30 The main
routes can be roughly divided into intercalation/exfoliation
procedure,31 self-rolling method,32,33 and template-growth
technique.34 Such methods can produce tubular structures
commonly under rigorous conditions like liquid nitrogen or
strong chemical solvents, and few can transform the shape
under the mild water condition. Herein, we report a facile
protocol to roll Janus porous nanomembranes fabricated by
atomic layer deposition (ALD). In this approach, TiO2, ZnO,
and Al2O3 nanomembranes were deposited by ALD on
polyurethane sacrificial template. After heat treatment and
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the removal of the polyurethane template, a large number of
nanomembranes were obtained. Self-rolled microtubes were
then obtained under the sonication post-treatment. We present
a systematic study of the influence of environmental conditions
(e.g., temperature of solvent, effects of nanosheets thickness,
and polarity of solvent) on the rolling process. The
electrochemical properties of the microtube and corresponding
sensing applications were investigated, and excellent sensing
selectivity and sensing linearity were observed in our
experiment. We consider that the unique tubular structures
with a hollow feature and corresponding effective electrolyte
diffusion therein lead to the enhanced sensing performance.
Such an approach of rolling Janus porous nanomembranes
holds considerable promise for electrochemical detection and
sustainable environmental applications.

■ RESULTS AND DISCUSSION

Figure 1 illustrates the fabrication route of functional
microtubes. First, oxide nanomembrane is obtained by ALD
process.35 In this process, oxide nanomembranes with different
thicknesses are deposited on the sponge (porous polyur-
ethane) skeleton (Figure S1). The sponge template has porous
structure, and the surface of polyurethane contains CO
groups which are beneficial to the growth of oxide during
initial ALD.36,37 Then, the sponge template is removed by a
high temperature annealing process in O2. Only the oxide
skeleton that duplicates the structure of the template is left,
and the complex 3D network-like structure is retained (Figure
1ai). The metal oxide skeleton is then crushed to produce a
large amount of metal oxide porous nanomembranes (Figure
1aii). Subsequently, metal oxide nanomembranes are subjected
to an ultrasonication process. The synergy effect from surface

tension of water and ultrasonication leads to rolling of the
nanomembranes into hollow microtubular structures (Figure
1aiii and Figure S1). Different sensing microtubes were then
prepared by coating active materials onto the wall of
microtubes (Figure 1aiv). More scanning electron microscopy
(SEM) images of TiO2 nanomembranes on sponge, free-
standing TiO2 nanomembranes, and TiO2 microtubes
fabricated with different ALD cycles can be found in Figure
S1. In order to prove the versatility of the current approach,
various oxide nanomembranes were subjected to ultra-
sonication treatment. Figure 2 shows SEM images of ZnO
(200 ALD cycles), TiO2 (400 ALD cycles), and Al2O3 (600
ALD cycles) nanomembranes and corresponding microtubes
formed. It is evident that all these metal oxide nanomembranes
can grow uniformly on the surface of sponge (panels
designated as (i) in Figure 2a−c) to produce uniform oxide
nanomembranes (panels designated as (ii) in Figure 2a−c),
and after sonication, all three kinds of nanomembranes can roll
into microtubular structures (panels designated as (iii) in
Figure 2a−c). The results here indicate that this approach is
universal and is capable of fabricating microtubes made from
various materials.
The self-rolling process was specifically investigated. As

shown in Figure 1bi, before ultrasonication, the TiO2
nanomembranes stack together due to van der Waals effect.
During the ultrasonication process, the stack of nano-
membranes are intercalated with water molecular and the
force from ultrasonication further leads to the separation and
rolling of the nanomembranes (see the arrow in Figure 1bi).
With prolonged ultrasonication process, the self-rolling process
continues to form a microtubular structure (Figure 1bii). We
also carried out TEM characterization of the TiO2 microtube,

Figure 1. (a) Schematic of the fabrication process of metal oxide microtube. (b) SEM image in (i) shows stacked TiO2 nanomembranes. The
yellow rectangle highlights a nanomembrane that starts to roll under ultrasonication treatment. SEM image in (ii) demonstrates a typical TiO2
microtube.
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and the obtained image is demonstrated in Figure S2. It can be
clearly seen that the TiO2 nanomembrane with good
homogeneity rolled into microtubular structure and the stack
of the rolled nanomembrane may remarkably improve the
structural stability. We also carried out control experiments to
determine whether the sonication step is critical for microtube
fabrication. For TiO2 and ZnO nanomembranes with only
soaking or heating treatment, microtubes can hardly be
observed (Figures S3 and S4). This indicates that the driving
force for the rolling process is mainly from ultrasonication
treatment. The influence of solvent polarity on rolling process
is also studied in detail. We sonicated nanomembranes in
various solvents with different polarities. It was found that 80%
of the nanomembrane can roll after sonication (2 h, 100 kHZ)
in solvent with large polarity (i.e., water), while in solvent with
small polarity (i.e., hexane), the possibility of microtube
formation is significantly low (Figure S5). We also notice that
the thickness of the nanomembrane has an obvious influence
on the microtube formation. Figure S1 shows the microtubes
fabricated by sonicating TiO2 nanomembranes of 100, 200,
and 300 ALD cycles. The nanomembranes with 100 and 200
ALD cycles are fragile because the nanomembranes are too
thin, and the possibility of microtube formation is relatively
low. The nanomembranes with 400 ALD cycles lead to the
formation of perfect microtube and therefore will be used for
sensing applications in the following part. In order to further
investigate the crystal structure and purity of the sample, XRD
has been tested, and the obtained pattern is shown in the
Figure S6. One can see that all the diffraction peaks are
associated with anatase TiO2, demonstrating the good purity of
the sample. The elemental composition and chemical states of
TiO2 microtubes were further investigated by XPS (Figure S7).
The high-resolution Ti 2p spectrum located at 458.8 eV and O
1s located at 530.0 eV, proving the presence of Ti and O in the
sample.
When a large amount of TiO2 microtubes were formed, the

microtubes are irregularly dispersed and interlaced with each
other to form framework (Figure 3a). Figure 3b shows an
enlarged SEM image of the opening of a microtube. It is
obvious that the inner wall of the microtube is porous with

very rough surface. This kind of microtube with single-side
porous structure is therefore called a Janus nanomembrane
microtube which is due to the aforementioned fabrication
process. The sponge template is with the rough surface and the
side of the nanomembrane in contact with the sponge template
duplicates the surface structure of the sponge, leading to the
formation of the unique single-side porous structure. Such a
porous structure may have important applications in electro-
chemistry as the porous structure is beneficial to the
penetration and diffusion of the electrolyte while the smooth
surface helps to maintain the structural integrity. Figure 3c
shows the surface morphology of the outer surface of the
microtube after Au nanoparticle deposition. We experimentally
proved that the Au particle size can be conveniently tuned by
changing the thickness (Figures S8 and S9), demonstrating the
controllability of current approach in surface decoration. In the
present work, optimized thickness of 4 nm Au was adopted
due to the best electrochemical properties.
In our work, electrochemical impedance spectroscopy (EIS)

was used to identify the changes of the material’s property
before and after surface treatment, and the results are shown in
Figure 3d. The inset exhibits the corresponding equivalent
circuit, and the fitting parameters are displayed in Table S1.
Generally, the semicircle in the high-middle frequency
corresponds to the charge transfer resistance (R). The inclined
line in the low frequency represents the Warburg impedance
(W), which is attributed to the diffusion of ion on the surface
of electrode. The electrode current could be divided into two
parts in parallel: faradaic current, which is controlled by the
charge transfer resistance (R) of electrochemical reaction;
nonfaradaic current, which is elicited by the charge−discharge
of the electrical double layer (C).38 The EIS results indicate
that the resistances of the nanomembranes and the microtubes
are maintained at a high value. After the Au nanoparticles were
deposited, the resistance decreased dramatically (see also

Figure 2. SEM images of nanomembranes and corresponding
microtubes: (a) 400 ALD cycles TiO2 nanomembranes, (b) 200
ALD cycles ZnO nanomembranes, and (c) 600 ALD Al2O3
nanomembranes. Panels designated as (i) are nanomembranes on
sponge templates. Panels designated as (ii) are free-standing
nanomembranes. Panels designated as (iii) are corresponding
microtubes.

Figure 3. (a) SEM image of dispersed microtubes network. (b)
Enlarged SEM image of the opening of a microtube where the inner
surface can be observed. (c) SEM image of the outer surface of a
microtube after the decoration of Au nanoparticles. (d) EIS of
electrode made from nanomembranes, microtubes, and microtubes
decorated with Au nanoparticles. The inset is the equivalent circuit.
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Table S1). This result verifies that the formed Au nanoparticles
had high conductivity, which will be helpful in enhanced
electrochemical properties. In addition, at the low frequency
region, the microtubes with Au particles exhibit the largest
slope, indicating the best electrolyte penetration.2

The sensor device was assembled by the conjugation of
microtube structure and CBK as well as LCY through Au
nanoparticles (Figures 4a and 5a). CBK and LCY can
specifically bind with DA and AA, respectively, and therefore,
the microtube-based sensor can capture the target analytes

selectively. The sensing function can then be realized because
the redox reaction should take place after the analytes are
attached. In Figure 4b, the Fourier transform infrared (FTIR)
spectrum of microtube after surface decoration exhibits
absorption peaks at 1221 and 1090 cm−1, which can be
assigned to the stretching vibration of C−O−C in chrome blue
K (CBK).39 This confirms the presence of CBK on the surface
of the microtube after surface decoration. The sensor devices
were immersed in solution containing dopamine for further
electrochemical tests. The response of the sensor was studied

Figure 4. Dopamine sensing tests. (a) Schematic of a functional microtube for dopamine sensing. (b) FTIR characteristics of CBK, microtube, and
microtube decorated with CBK. (c) I−V curves of microtube-based sensor to dopamine solutions with different concentrations ranging from 0.4 to
80 μM. (d) Linear fit of the response as a function of dopamine concentration.

Figure 5. Ascorbic acid sensing tests. (a) Schematic of a functional microtube for ascorbic acid sensing. (b) FTIR characteristics of LCY,
microtube, and microtube decorated with LCY. (c) I−V curves of microtube-based sensors to ascorbic acid solutions with different concentrations
ranging from 1 to 300 μM. (d) Linear fit of the response as a function of ascorbic acid concentration.
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by sensing solutions with different dopamine concentrations.
As shown in Figure 4c, the DPV peak intensity increases with
increasing dopamine concentration. In the range of 0.4−80
μM, the increased peak value ΔI showed a linear relationship
to dopamine concentration (Figure 4d). The detection limit
(DL) could reach 0.25 × 10−9 mol L−1 (DL = 3δb/k, where δb
is the standard deviation of the response and k is the slope of
the calibration curve). The results show that the microtube-
based sensor demonstrates higher sensitivity, broad linear
detection range (LDR), and low limit of detection compared
with those DA sensors reported in previous literature (Table
1). In addition, we also investigated the microtube-based
device in sensing ascorbic acid (Figure 5). As schematically
shown in Figure 5a, the microtube was coated with Au
nanoparticles and further modified with L-cysteine (LCY).40

The peak at 1594 cm−1 (bending vibration of NH2) disappears
in the corresponding FTIR spectrum of microtube after
modification indicates that LCY was successfully assembled

onto the microtube surface (Figure 5b). In addition, as shown
in Figure 5c, the DPV peak value increases with the increasing
ascorbic acid concentration. In the range of 1−300 μM, the
increased peak value (ΔI) also exhibits a linear relationship to
ascorbic acid (Figure 5d). To further confirm the advantage of
microtubular geometry, current−time (i−t) tests of sensor
devices made from nanomembranes and microtubes with
successive addition of 1 mM DA and 1 mM AA were carried
out. As shown in Figure S10, little current response can be
observed in the cased of flat nanomembranes, revealing their
poor electrochemical activity. On the contrary, obvious current
steps are observed for microtubes, suggesting the strong
sensing activity of microtube-based sensor toward DA and AA
oxidation.
To investigate the selectivity of the scroll sensor for

dopamine and ascorbic acid determination, the interferences
of some potential ions in real samples should be tested. In our
work, NaCl, KCl, CaCl2, glucose, o-phenylenediamine (OPD),

Table 1. Comparison of Biosensing Performance of DA Sensors

sample LDR (μM) DL (μM) ref

rGO/TiO2 35−100 1.5 41
flake shaped CuO nanoparticles/MCPE Ni(OH)2/NiCo-LDHs 0.1−0.01, 0.05−1080 0.055 42

0.017 43
polychromotrope 2B/GCE 2−80 0.3 44
MWCNT/β-CD/GCE 0−80 6.7 45
TC8A/Au 1−1000 0.5 46
carbon dot 33−1025 500 47
monodispersed Mn3O4 nanoparticles/GCE 1−7 0.1 48
Ag2Se quantum dots/GCE 0.5−19 0.1 49
AuNPs@SiO2−MIP sensor 0.048−50 0.02 50
TiO2 microtube 0.4−80 0.025 this work

Figure 6. (a) Selective response of the microtube-based sensor toward 5 μM dopamine. (b) Selective response of the microtube-based sensor
toward 20 μM ascorbic acid. (c) Reproducibility of the sensors. (d) Aging test of the sensor toward 5 μM of ascorbic acid for 1 month.
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hydroquinone (HQ), and catechol were used as the
interferences, and the results are shown in Figure 6a and
Figure 6b. One can see that these interferents have no
influence (electrical signal change within ±5%) on the
detection of 5 μM dopamine and 20 μM ascorbic acid in
terms of the current response of the interferents when the
concentrations of interferents are only 1/10 of the concen-
tration of target molecule. These results further verify the great
anti-interference property and stability of the microtube-based
sensor. The reproducibility of the sensor was evaluated by
sensing 5 μM dopamine by using five sensors prepared by the
same approach. The relative standard limits (RSD) were 2.45%
(Figure 6c), proving the good reproducibility of the sensor. In
addition, the stability of the sensor was also tested. As shown
in Figure 6d, the current values of the sensor after 1, 3, 5, 7, 9,
and 12 days show slight change (within ±5%), indicating the
good stability. In order to further investigate the practical
application of microtube sensor, 1 mL of human urine
(containing DA) or 1 mL of lemon juice (containing AA) is
successively added. As shown in Figure S11, both the addition
of urine and the addition of lemon juice can lead to significant
current response, indicating the applicability of the microtube
sensors in detecting target molecules in real samples.
We consider that the outstanding sensing property of our

sensor can be attributed to its unique structural properties.
First, rolled microstructures have strong confinement to target
molecules, which is beneficial to the sensing performance.
Second, the rough surface of Janus nanomembrane with
exposure of more active sites improves the effect of
combination of probe with target molecules,23 which
remarkably enhances the selectivity and sensitivity of sensor.
Third, the ultrathin nanomembrane as well as the deposition of
Au nanoparticles enhances the ion transfer efficiency, leading
to fast response to target molecules.24

■ CONCLUSION

In this study, oxides Janus nanomembranes and corresponding
rolled microtubes have been prepared based on ALD
combined with ultrasonication treatment. The free-standing
nanomembranes with one-side porosity can be transformed
from planar state to microtubular structure in solvent of large
polarity with the help of ultrasonication. Functionalized
microtubes were developed for applications in electrochemical
sensing. Due to their unique geometrical structure, the sensors
demonstrate superior selectivity and great sensing property
toward DA and AA in terms of low limit of detection and wide
linear range. The stability of the sensor was also demonstrated
as it remains comparable sensing property after 12 days. The
tubular structure, the porous inner surface, and the exposure of
active sites are considered to be the main originations of the
outstanding performance. The current approach provides an
effective way to prepare novel 3D sensing structures and may
have great potential in the future.

■ EXPERIMENTAL SECTION
Preparation of Metal Oxide Nanomembranes. Oxide nano-

membranes were prepared by ALD. Here, a sponge skeleton was used
as a sacrificial template. The deposition of TiO2 nanomembranes on
the template was conducted at 100 °C in a homemade reactor.
Tetrakis(dimethylamido)titanium (TDMAT) was employed as a Ti
source, and water was used as oxygen source. A typical ALD cycle
includes TDMAT pulse (60 ms), waiting time (3 s), N2 purge (20 s),
H2O pulse (30 ms), waiting time (2 s), and N2 purge (20 s). N2 gas

served as both the carrier and purge gas. TiO2 layer was coated on the
surfaces of the template with different cycles. Then, the samples were
annealed at 450 °C for 1 h under an O2 flow to remove the sponge
template, then TiO2 spongy structure was formed, and after manual
crashing, a large amount of TiO2 nanomembranes have been
fabricated. In our work, ZnO and Al2O3 nanomembranes were also
obtained by a similar approach, while diethylzinc and trimethylalu-
minum were employed as Zn and Al sources, respectively.

Preparation of Metal Oxide Microtubes. The obtained oxide
nanomembranes were put in ethanol for 1 min to elute organic
residue, then immersed in water for sonication (2 h, 100 kHZ). The
microtubes were then obtained.

Fabrication of Sensing Microtubes. The prepared ethanol
solution of microtubes (0.2 mg L−1) was dispersed in Nafion (0.03%),
and then 4.0 μL of dispersion was dropped on the surface of a glassy
carbon (GC) electrode. The GC was dried at room temperature for 4
h. Next, functional layers were deposited on the surface of microtubes.
For example, the dopamine sensing microtubes were constructed by
electrodepositing CBK as a mediator to provide better sensitivity. The
ascorbic acid sensing microtubes were obtained with gold nano-
particles as accelerated chemical reactor. The device was further
modified with LCY.

Electrochemical Sensor Fabrication. Working electrodes were
prepared by modified glassy carbon electrodes with the microtubes
binding LCY or CBK (Figure S12a). An Ag/AgCl (in saturated KCl
solution) was used as the reference electrode, and a graphite rod was
used as the counter electrode (see the photograph in Figure S12).
The devices were placed at room temperature for the subsequent
tests.

Structural Characterizations. The surface morphologies of
nanomembranes and microtubes were inspected by SEM (JEOL
JSM-6701F). The elemental composition and characteristic functional
groups of the scrolls were analyzed by FTIR spectrometer (Nicolet
6700, ThermoFisher). The EIS characterizations were carried out in
0.05 mol L−1 K3[Fe(CN)6]/K4[Fe(CN)6] containing 0.5 mol L−1

KCl and with the alternating voltage of 5 mV in the frequency range
of 0.1−100 000 Hz.

Electrochemical Characterizations. All the biosensing tests
were carried out on an electrochemical workstation (PGSTAT128N
Autolab). The detection procedure was performed by a DPV method
in the potential range of 0−0.8 V and with the scanning rate of 0.1 V
s−1 in a Tris-HCl solution (pH = 7.0) containing targets of various
concentrations. The sensor was then successively aged until 1 month.
When not in use, the sensor was stored in a refrigerator at 6 °C.
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