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ABSTRACT: As a member of the two-dimensional transition metal dichalcoge-
nide family, rhenium disulfide (ReS2) is a highly competitive favorite in the field of
photoelectric sensors. Nevertheless, the rapid recombination of electron−hole
pairs and poor electronic transmission capacity of pure ReS2 limit its wider
applications. As a new attempt to optimize its inherent structure and challenge its
competency boundary, in this work, a bimetallic co-chamber feeding atomic layer
deposition with a precise dose regulation strategy has been used to fabricate ReS2
nanotubes (ReS2-NTs) and MoS2−ReS2 heterojunction nanotubes (MoS2−ReS2-
HNTs) based on the anodic aluminum oxide template sacrifice method for the
first time. These obtained NTs have at least two advantages: they have a
controllable diameter (40−500 nm), definite wall thickness (1 layer to 10 layers),
and desirable Mo-to-Re ratio (0 to 90%), and their electron-transfer capacity and
photocurrent response can be effectively enhanced by the incorporated Mo atoms.
Further experiments indicated that MoS2−ReS2-HNTs with a real Mo-to-Re ratio
of 31.0% exhibits the best photocurrent response performance, by which the ultrasensitive detection of cancer-related miRNA-155
with a linear range of 10 aM to 1 nM and a detection limit of 1.8 aM is achieved.
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1. INTRODUCTION

The micromechanical cleavage approach suggested in 2005
opened a window for preparing two-dimensional transition
metal dichalcogenides (2D TMDs, represented as MX2, where
M = Mo, W, Re, etc.; X = S, Se, Te, etc.). 2D TMD materials
have attracted more extensive attention because of their unique
electrical and optical properties.1−4 For example, when the film
thickness changes from multilayer to monolayer, the band
structure of some TMD materials (such as MoS2 and WS2)
change from an indirect band gap to a direct one because of
valley spin coupling, which promotes their application in
optoelectronic areas.5 Moreover, TMDs can combine with
various 2D materials and result in heterojuncted structures
almost without lattice-mismatch problems for better perform-
ances and wider applications.6,7

Early detection of cancer is an important way to improve its
cure rate effectively. Fortunately, previous studies have
revealed that abnormal expression at an ultralow concentration
of some or a specific combination of microRNAs (miRNAs) in
serum and/or other body fluids has a significant corresponding
relationship with the early occurrence and evolution of
cancer.8−10 For example, miRNA-155 (a type of endogenous
non-coding RNA with a sequences of 5′-UUA AUG CUA
AUC GUG AUA GGG GU-3′) can been regarded as an
important marker for several cancers such as non-small-cell

lung cancer, breast cancer, and B-cell lymphoma.11−13 Many
other examples also show that the types of miRNAs can be
used for early diagnosis and monitoring of cancer evolution,
which hugely depends on their ultrasensitive detection. Among
many detection methods of miRNAs, such as electro-
chemiluminescence (ECL),14 differential pulse voltammetry,15

and surface-enhanced Raman scattering,16 photoelectrochem-
ical (PEC) measurement based on a well-studied photon-to-
electricity conversion analytical technique with a low back-
ground noise and high sensitivity is one of the most promising
choices in the future.17−20 Of course, highly sensitive detection
based on PEC measurement depends on the high photoelectric
conversion ability of materials.
As a member of the TMD family, rhenium disulfide (ReS2)

has a unique anisotropic structure and direct band gap from
bulk to monolayer, which results in excellent optical
absorptivity and carrier transmission characteristics, thus
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making it a new favorite in the field of photoelectric sensors
especially for biomedical and related areas.21,22 Nevertheless,
the rapid recombination of electron−hole pairs and poor
electronic transmission capacity in pure ReS2 have limited its
wider application.23 In order to eliminate this deficiency, many
efforts such as structure optimization and composition
designing have been taken to achieve modified ReS2 materials
with specific microstructures and improved properties. For
example, vertically oriented arrays of ReS2 nanosheets with
large surface areas have been obtained by chemical vapor
deposition, which is beneficial for improving the interaction
between sensitive substances and analytes, thus effectively
increasing the sensitivity for humidity detection.24 Similarly,
colloidal ReS2 nanosheet films with a large surface area has
been prepared by a less-time-consuming and costly colloidal
synthesis approach for the detection of NH3 gas.

25 Meanwhile,

Ti3C2−ReS2 with a heterostructure prepared by hydrothermal
method indicates that Ti3C2 slowed the recombination of
electron−hole pairs and optimized the electrical conductivity
of materials, thus improving the photoelectric response of
ReS2.

26 What is more, WS2−ReS2 heterojunction fabricated by
physical exfoliation has been found to have superior
optoelectronic properties, including moderate photoresponsiv-
ity, polarization sensitivity, and fast photoresponse speed,
which make it a self-driven photodetector.27 Undoubtedly,
various ways of obtaining or manufacturing ReS2 lead to
remarkable performance differences of as-prepared sensors, so
it is very important to achieve more accurate and effective
structure-composition coupling control by continuous innova-
tion of the acquisition technology for 2D materials. A typical
example is that atomic layer deposition (ALD) with atomic-
scale accuracy has been applied in the controlled manufacture

Figure 1. Characterization of ReS2-NTs. (a) Schematic illustration of the synthesis of ReS2-NTs; the inserts are scanning electron microscopy
(SEM) images of the top view of the AAO template before and after ALD reaction and the uniformly distributed ReS2-NTs on ITO. (b)
Transmission electron microscopy (TEM) images of a single ReS2-NT. (c,d) High-resolution transmission electron microscopy (HRTEM) images
of the local parts in the corresponding areas in (b). (e) High-angle annular dark-field (HAADF) images of the area in (b) and its elemental
mapping images of Re and S, respectively. (f) Raman spectra and (g) XRD patterns of the ReS2-NTs/AAO before and after sodium hydroxide
(NaOH) treatment.
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of 2D ReS2 and the comprehensive modulation of its structure
and performance.28,29 Meanwhile, anodic aluminum oxide
(AAO) is widely used as the template for nanotube (NT)
fabrication because of its excellent stability at high temper-
atures together with good uniformity in the tunable diameter
and the depth of nanochannels, while it can also be easily
removed to obtain pure NT products; thus, AAO is selected as
the sacrificial template.30,31

Inspired by the advantages of ALD in ultra-precision
manufacturing at an atomic scale and the strategy of low-
dimensional controllable doping, in this work, ReS2 nanotubes
(ReS2-NTs) and MoS2−ReS2 heterojunction NTs (MoS2−
ReS2-HNTs) with a controllable diameter, definite wall
thickness, desirable Mo-to-Re ratio, and improved properties
are prepared via a bimetallic co-chamber feeding ALD for the
first time based on AAO template sacrifice method, by which
the ultrasensitive detection of miRNA-155 with a linear range
of 10 aM to 1 nM and a detection limit of 1.8 aM is achieved.

2. RESULTS AND DISCUSSION

2.1. Fabrication of ReS2-NTs. The schematic illustration
in Figure 1a shows the overall fabrication process of ReS2-NTs.
The AAO with homogeneous nanochannels is selected as the
growth template in ALD because of its excellent structural
stability at high temperatures.32 ReS2 film is fabricated on the
AAO template by general ALD methods in a vacuum chamber
at 400 °C using hydrogen sulfide (H2S) gas and sublimed
rhenium pentachloride (ReCl5, heated up to 110 °C) as S and
Re precursors, whose morphology is confirmed by SEM. After
that, a selective etching of alumina (Al2O3) from ReS2-NTs is
carried out in 1 M NaOH solution for 24 h at 25 °C until the
template is completely etched away. Finally, the NaOH
solution is repeatedly diluted and replaced with deionized
water until it becomes a neutral solution.
By this way, typical ReS2-NTs with an average diameter of

88.3 nm are obtained by TEM (Figure 1b), whose wall
thickness is 5−6 layers, defined by HRTEM (Figure 1c).

Furthermore, ReS2 lattices with a spacing of 0.62 nm attributed
to its (100) plane are clearly observed in HRTEM. Finally,
highly oriented Re chains form in the ReS2 film along the
lattice direction of the b-axis. The parallel Re atom chains
along the b[010] direction with a distance of 0.34 nm (Figure
1d) are considered a unique ReS2 structure with a distorted
1T′-phase,33,34 while its compositions of Re and S can be
confirmed by the elemental mapping under HAADF pattern
(Figure 1e).
Moreover, the peaks at 151 cm−1 and 211 cm−1 in Raman

spectra can be attributed to the in-plane (Eg) and out-of-plane
(Ag) vibrational modes of ReS2 (Figure 1f),

35 in which limited
signal changes between ReS2-NTs attached on the AAO
template by in situ growth (ReS2-NTs/AAO) and independent
ReS2-NTs removed from the AAO template can be found.
However, X-ray diffraction (XRD) spectrum for ReS2-NTs/
AAO reflects 6 additional peaks at 15.72, 32.28, 43.03, 48.56,
57.02, and 57.93° compared with that for ReS2-NTs (Figure
1g), corresponding to (01̅1), (002), (32̅0), (3̅01), (42̅0), and
(24̅1) planes of the triclinic ReS2.

36 In contrast, the diffraction
peak at 14.34° corresponding to the (100) plane appears, while
other peaks become weaker or even disappear after removing
the AAO template. On further examination of their micro-
structure, ReS2-NTs/AAO contain both in-plane and out-of-
plane flakes in an ordered arrangement (Figure S1), while
unsupported ReS2-NTs have a random distribution (insert in
Figure 1a). The peak intensity depends largely on the growth
orientation of crystals: different growth environments (outer
and inner surface of AAO) can lead to different growth
orientations of ReS2; thus, a significant change in XRD signals
appears after the ReS2-NTs are released from AAO.
Generally, the diameter of NTs largely depends on the pore

size of the AAO template; thus, five types of AAO with
different pore sizes are taken to control the diameters of ReS2-
NTs, and the ALD cycles are set as 90C.37,38 Here, AAO
templates with different size parameters are named AAO-1,
AAO-2, AAO-3, AAO-4, and AAO-5 (Figure S2), while the

Figure 2. Characterization of ReS2-NTs with different diameters. (a−e) TEM images of ReS2-NTs produced by AAO of different pore sizes: (a)
A1, (b) A2, (c) A3, (d) A4, and (e) A5. The inserts are the HRTEM images of the local parts in the corresponding areas. (f) Photocurrent response
of ReS2-NTs produced by AAO of different pore sizes. The number of ALD cycles is set as 90C.
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corresponding as-prepared ReS2-NTs obtained by 90 ALD
cycles are named A1, A2, A3, A4, and A5, respectively (Figure
2a−e). By this way, typical ReS2-NTs with different diameters
are obtained, whose wall thickness is 5−6 layers (insert in
Figure 2a−e). The diameter of A5 (Figure 2e) is 384.6 nm,
while the diameter of its corresponding AAO template is only
310 nm. There may be two reasons for the dimensional
difference between the NTs and their templates: On the one
hand, the diameter of NTs may change slightly after they get
rid of the binding with templates. On the other hand, their
larger diameter and lesser wall thickness may cause elliptical
distortion in the cross section of the original ideal cylindrical
NTs (Figure S3); thus, there is a significant increase in
diameter as viewed from the direction perpendicular to the
long axis of the ellipse.
The size dimensional changes in these ReS2-NTs determine

their performance differences; therefore, electrochemical
impedance spectroscopy (EIS) test results indicate that the
electron transfer resistance (Rct) values for A1, A2, A3, A4, and
A5 are 78.6, 82.9, 77.5, 79.5, and 98.9 Ω, respectively (Figure
S4).37 The significant increase in the last Rct for A5 reflects its
lower electron transfer ability, just because its larger diameter
(384.6 nm) and lesser wall thickness (4−5 layers) cannot
maintain a perfect cylindrical structure and deforms into an
elliptic cylinder. Meanwhile, the effective surface area (ESA)
values obtained from chronocoulometry (CC) test for indium
tin oxide (ITO), A1, A2, A3, A4, and A5 are 0.24, 0.56, 1.01,
0.80, 0.86, and 0.27 cm2, respectively (Figure S5).39 Obviously,
A3 has the highest ESA value (1.01 cm2), which can provide
more active sites to accelerate the electron transfer. The ESA
values of these ReS2-NTs depend largely on the three-
dimensional (3D) structure of their constituent units: the
larger diameter and thinner wall of A5 lead to radial distortion
of NTs (Figure S3), while smaller diameter of A1 makes the
NTs easy to agglomerate after the inner stress-induced
cracking, which has been confirmed by density-functional
theory calculations.40 Based on the above experimental results,

A3 has the greatest overall performance advantage (57.5 μA);
thus, AAO-3 has been selected as the standard template for
further research (Figures 2f and S6).
Furthermore, the wall thickness of ReS2-NTs can be

modulated by ALD cycles, and AAO-3 is taken as the growth
template (Figure 3a−e). ReS2-NTs produced by 30, 60, 90,
120, and 150 ALD cycles are named R30, R60, R90, R120, and
R150, respectively. According to our experiment, the out-of-
plane growth of ReS2 starts from R60 (Figure S7),29 and there
is a good linear dependence between the wall thickness and the
ALD cycle (insert in Figures 3a−e and S8), which indicates
that the ALD method has good controllability for the thickness
of NTs.41 Moreover, R30 has a larger diameter (132.1 nm)
compared with others due to the ellipse distortion caused by
its thin wall (Figures 3a and S9).
Similarly, Rct values for R30, R60, R90, R120, and R150 are

90.3, 77.1, 77.5, 77.4, and 73.7 Ω, respectively (Figure S10),
which indicates that R30 has the weakest electron transfer
ability, which is also due to the elliptical distortion of the NT
structure caused by its super-thin wall (1−2 layers, Figure S9).
In addition, the ESA values of R30, R60, R90, R120, and R150
are 0.33, 0.57, 1.01, 0.91, and 0.81 cm2, respectively (Figure
S11). By definition, ESA refers to the total surface area of a
material per unit mass on ITO. Therefore, when the wall of
ReS2-NTs is thickened and their diameter remains almost
unchanged, the number of NTs per unit mass is reduced, so
their ESA is reduced. In addition, the thinner wall can lead to
the radial distortion of ReS2-NTs, which destroys the 3D
structure of its constituent units, thus reducing ESA values.
Based on the above experimental results, R90 has the best
photocurrent response (57.5 μA); thus, 90 ALD cycles are
used for further research (Figures 3f and S12).

2.2. Fabrication of MoS2−ReS2-HNTs. Based on the
previous optimization, AAO-3 is used as the basic template and
90 ALD cycles are used as the basic parameters in fabricating
MoS2−ReS2-HNTs. A bimetallic co-chamber feeding ALD
method is used to prepare MoS2−ReS2-HNTs by a precise

Figure 3. Characterization of ReS2-NTs with different ALD cycles. (a−e) TEM images of ReS2-NTs produced by ALD cycles set as 30, 60, 90, 120,
and 150 cycles, marked as R30, R60, R90, R120, and R150, respectively. The insert is the HRTEM images of the local parts in the corresponding
areas. (f) Photocurrent response of ReS2-NTs produced by different ALD cycles. AAO-3 is taken as the template.
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dose regulation strategy (Table 1).42 In each sample, 90 ALD
cycles are separated evenly into 6 “super-cycles”, and then, 5

parallel samples (RM1, RM2, RM3, RM4, and RM5) are set
according to the different ratio of ReS to ReMoS in each
“super-cycle”. The Mo-to-Re feed ratio (Rfr) refers to the
proportion of ReMoS in 90 ALD cycles, while the Mo-to-Re
real ratio (Rrr) is taken from EDS element mapping.
As shown in their TEM images, the morphology of MoS2−

ReS2-HNTs does not change significantly after the introduc-
tion of different contents of MoS2 (Figures 4a and S13a−c).
The wall thickness of these NTs is 5−6 layers, which shows
that the effect of different feed ratios of the Re source and Mo
source on the growth rate of NTs is quite limited. Element
mapping in the HAADF mode shows the uniform mixing of
MoS2 and ReS2 in RM3, and the pixel points corresponding to
Mo atoms in RM2, RM3, RM4, and RM5 increase gradually,

which is consistent with the increasing feed ratio of the Mo
source (Figures 4b and S13d−f). Moreover, the formation of
the lateral MoS2−ReS2 heterojunction on the wall of the
heterojuncted NTs (Figure 4c,d) indicates that the reaction in
the ALD is more likely to occur between the same
compounds.43

Furthermore, the average Mo-to-Re real ratios (Rrr)
obtained by element mapping are 0% (RM1), 7.5% (RM2),
31.0% (RM3), 58.7% (RM4), and 90.5% (RM5) correspond-
ing to the Mo-to-Re feed ratios (Rfr) of 0, 6.7, 33.3, 66.7, and
100%, respectively (Table 1). The Rrr values are slightly lower
than their theoretical values and can be assigned to the
difference in the optimum reaction temperature for ReS2 (400
°C) and MoS2 (460 °C).28,44 Obviously, the reaction
temperature used in ALD makes the Re precursor easier to
grab the limited nucleation sites, thus leading to a higher
element ratio.
The Re 4f-related X-ray photoelectron spectroscopy (XPS)

peaks in RM1 (pure ReS2-NTs) at 42.3 and 44.7 eV
correspond to Re 4f7/2 and Re 4f5/2 (Figure 5a),45 while
those peaks for RM3 and RM5 show a uniform shift toward
lower binding energies (0.5 eV for RM3 and 0.4 eV for RM5)
due to the increase in their electron density.46 The same shifts
toward the low binding energy direction (0.3 eV for RM3 and
0.2 eV for RM5) also occur in those for S 2p-related peaks
(Figure 5b). After Mo incorporation, the S 2s-related peak
shifts from 227.1 to 226.5 eV and the Mo 3d-related peak
appears (Mo 3d5/2 at 228.6 eV and Mo 3d3/2 at 231.8 eV) in
RM3, which indicate the formation of Mo−S bonds (Figure
5c).33 Compared with the XPS signals in RM1, the downshifts
of core-level Re- and S-related peaks in RM3 strongly indicate
the charge transfer from MoS2 to ReS2.

46,47 Moreover, with the
enlargements of the Mo elements in RM5, an obvious
additional peak appears at Mo 3d5/2 with 0.9 eV upshift,
indicating the mixed 1T′ phase and 2H phase of the
introduced MoS2 (1T′-MoS2 and 2H−MoS2) (Figure 5c).48

Meanwhile, the S 2p-related peak in RM5 for the
heterojunctions of 2H−MoS2 and 1T′-ReS2 can be separated
into two peaks (S 2p3/2 at 162.5 eV and S 2p1/2 at 163.5
eV),48,49 and the other two peaks (orange dashed peaks, S
2p3/2 at 161.8 eV and S 2p1/2 at 162.8 eV) located at lower
binding energies shifted by 0.7 eV with reference to 2H−MoS2
belong to 1T′-MoS2 (Figure 5b).50 In addition, comparing the
XPS signals of RM3 and RM5 in the Mo 3d region, the Mo 3d-
related peaks (red and purple peaks) in RM3 should belong to
1T′-MoS2 because of the slight energy difference (0.1 eV)
compared with that of RM5 (Figure 5c). Therefore, two
additional XPS peaks at 161.7 and 162.7 eV are found in the S
2p region of RM3 corresponding to 1T′-MoS2 (Figure 5b).
Furthermore, such weak or even disappeared E2g

1 mode in
MoS2−ReS2-HNTs verifies the existence of MoS2 with the 1T′
phase, while the existence of the 2H phase is confirmed by
lattice characterization (Figures 4d and 5d).48 The formation
of the metastable 1T′ phase may result from the stress that is
caused by the coupling effect of MoS2 and ReS2,

51 while the
formation of the semiconducting 2H phase can be attributed to
the stability of the 2H phase in the sample with more Mo
atoms.52

Accordingly, Raman peaks at 376 and 404 cm−1 correspond
to E2g

1 and A1g vibration modes in MoS2, respectively,
53 which

begin to appear in RM2 (Figure 5d). With the gradual
enlargements of the feeding proportion for the Mo source, the
peak intensity at 404 cm−1 shows a sustained increase,

Table 1. Detailed Fabrication Information of MoS2−ReS2-
HNTsa

sample
ID one super-cycle

repeat
time

Mo-to-Re feed
ratio (Rfr)

Mo-to-Re real
ratio (Rrr)

RM1 15 ReS only 6 0 0
RM2 14 ReS followed by

1 ReMoS
6/90 (6.7%) 7.5 ± 0.3%

RM3 10 ReS followed by
5 ReMoS

30/90 (33.3%) 31.0 ± 4.5%

RM4 5 ReS followed by
10 ReMoS

60/90 (66.7%) 58.7 ± 5.5%

RM5 15 ReMoS 90/90 (100%) 90.5 ± 10.0%
aReS, one ReCl5 pulse followed by one H2S pulse; ReMoS, one ReCl5
and one MoCl5 pulse are applied simultaneously, followed by one H2S
pulse.

Figure 4. TEM characterization of MoS2−ReS2-HNTs. (a) TEM
images of RM3. The insert is the HRTEM image of the local parts in
the corresponding area. (b) HAADF image of the area in (a) and its
elemental mapping images of S, Re, and Mo. (c) AC-HRTEM image
of MoS2−ReS2-HNTs. (d) Enlarged HRTEM image of the lateral
heterojunction.
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reflecting the continuous expansion of the MoS2 component in
these MoS2−ReS2-HNTs.
As a result, the EIS results show that Rct values for RM1,

RM2, RM3, RM4, and RM5 are 77.5, 61.4, 51.6, 89.4, and

120.0 Ω, respectively (Figure S14). The significant decrease in
the value for RM3 indicates that suitable doping ratio can
decrease Rct because of the introduced MoS2 with the metallic
1T′ phase, thus improving the photocurrent response.

Figure 5. Characterization of MoS2−ReS2-HNTs. XPS spectra of Re 4f (a), S 2p (b), and Mo 3d (c) of RM1, RM3, and RM5. (d) Raman spectra
of MoS2−ReS2-HNTs. (e) Photocurrent response of MoS2−ReS2-HNTs.

Figure 6. Fabrication of PEC biosensors. (a) Illustration of the proposed PEC biosensor for miRNA-155 detection. (b,c) Photocurrent response
and EIS images of different electrodes during the built-up of the sensing platform in which MoS2−ReS2-HNTs/ITO, AuNPs/MoS2−ReS2-HNTs/
ITO, probe/AuNPs/MoS2−ReS2-HNTs/ITO, MCH/probe/AuNPs/MoS2−ReS2-HNTs/ITO, and miRNA-155/MCH/probe/AuNPs/MoS2−
ReS2-HNTs/ITO are steps 1−5, respectively.
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Meanwhile, the lattice difference between MoS2 and ReS2
would result in a lattice mismatch, which can prevent the
recombination of hole−electron pairs to enhance photocurrent
response.43

The charge transfer from MoS2 to ReS2 proved by XPS
(Figure 5a−c) is in line with the research results of the band
structure of the MoS2−ReS2 heterojunction. In detail, the
conduction band minimum (CBM), valence band maximum
(VBM), and work function are 4.68, 6.05, and 5.1 eV for ReS2
and 4.21, 5.56, and 4.50 eV for MoS2, respectively.54−56

Because of the higher CBM value of MoS2, the electron is
more likely to transfer from MoS2 to ReS2 under light
illumination (Figure S15).57 Meanwhile, the staggered gap
structure indicates that MoS2−ReS2 heterojunction is a type II
heterojunction, which is advantageous for preventing the
recombination of hole−electron pairs with long-lived interlayer
excitons, thus improving the PEC performance.58

Due to the above favorable factors, RM3 shows the most
excellent photocurrent response (168.2 μA), which is almost
2.9 times more than that of ReS2-NTs (Figures 5e and S16).
Thus, RM3 is used in the ultrasensitive biosensor for miRNA-
155 detection.
2.3. Ultrasensitive MiRNA-155 Detections. As illus-

trated in Figure 6a, AuNPs are deposited on RM3/ITO to
immobilize the probe by forming Au−S bonds. The electro-
deposition of AuNPs on the electrode surface results in a slight
decrease in photocurrent (156.2 μA, Figure 6b), which can be
attributed to the following: the repulsion objectively exists
between negative charge on both AuNPs and ascorbic acid
(AA); the accumulation of AuNPs can result in an obvious
decrease in Rct together with the increase in charge transfer

capacity (Figures 6c and S16), thus favoring increase in
photocurrent. The slight current decrease results from the
coupling effects of the above two aspects. What is more, the
photocurrent continues to drop as 20 μL of 1 μM probe (136.1
μA), 20 μL of 1 mM 6-mercaptohexanol (MCH) (113.7 μA),
and 20 μL of 1 nM miRNA-155 (76.4 μA) are separately
added in turn and Rct increases gradually (Figure 6c). The
negatively charged probe and target RNA can prevent the
charge transfer, while the short alkanethiol of MCH blocks
electron transfer from the solution to electrodes. In addition,
the photocurrent continues to decline until the hybridization
time reaches 2 h, indicating that it is enough for the full
hybridization of the target and probe. Meanwhile, the lowest
PEC value appears at an incubation temperature of 37 °C,
which is consistent with the normal human body temperature.
In this way, the hybridization time and the incubation
temperature are optimized experimentally (Figure S18).
Furthermore, based on the above platform, miRNA-155 can

be effectively detected from 10 aM to 1 nM (Figure 7a). The
photocurrent gradually decreases with the increase in target
concentration because of the gradual increase in steric
hindrance caused by more miRNA-155 blocking the diffusion
of AA. Meanwhile, from the linear relationship between the
photocurrent (I) and the logarithm for the concentration of
miRNA-155 (c) (Figure 7b), I = −3.91 log c + 41.26 can be
obtained with the correlation coefficient R2 = 0.996 and a
detection limit of 1.8 aM (S/N = 3). The detection specificity
is then compared by 4 other types of miRNA at 1 nM (Figure
7c), among which the photocurrent change in miRNA-155
(37.3 μA) is much higher than that in miRNA-21 (6.1 μA),
miRNA-197 (5.8 μA), miRNA-141 (5.1 μA), and miRNA-182

Figure 7. Performance of MoS2−ReS2-HNT-based biosensors. (a) Photocurrent response to different concentrations of miRNA-155 from 10 aM
to 1 nM. (b) Calibration curve of the photocurrent versus logarithm value of miRNA-155 concentration. Error bars represent standard deviations of
three experiments. (c) Photocurrent change in the PEC biosensor toward miRNA-155, miRNA-21, miRNA-197, miRNA-141, and miRNA-182
(10−9 M) detection. (d) Stability of the photocurrent response in 0.1 M PBS containing 0.1 M AA with light on and off. (e) Stability of the
prepared biosensor after 8 day storage: 0 day, 2 days, 4 days, 6 days, and 8 days at 4 °C in a vacuum. (f) Obtained results of this work and other
studies devoted to miRNA-155 detection.
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(5.7 μA), which indicates that this sensing platform has a high
selectivity for miRNA-155. Furthermore, according to previous
research, miRNA-155 can disperse stably in the serum of lung
cancer patients, which makes it a potential tumor marker for
lung cancer detection. In order to verify the possibility of
applying our experimental results and our sensing platform to
real samples, related experimental work on the human serum
samples are carried out. Three samples containing 10 pM, 0.1
pM, and 1 fM miRNA-155 (Table S1) show that their
recoveries are 101.3, 99.8, and 97.1, respectively. Moreover,
the corresponding RSD is less than 6%, which shows good
performance in real biological samples of the as-fabricated
sensing platform.
In addition, the stability test is conducted by putting the

light signal on and off 7 times during 300 s, which shows only a
0.3% drop (Figure 7d). On the other hand, the modified
electrodes are kept in dark at 4 °C for 8 days to test their long-
term stability, and it maintains 94.6% of its initial photocurrent
intensity for 1 fM miRNA-155 (Figure 7e), which indicates its
outstanding storage stability.
Finally, compared with previous reports for miRNA-155

detection (Figure 7f), the sensing platform based on MoS2−
ReS2-HNTs in this paper has a wider detection linear range (1
nM−10 aM) and a better estimated detection limit (1.8
aM),59−67 which is potentially useful for the early diagnosis of
cancer. On the other hand, the bimetallic co-chamber feeding
AAO template sacrifice method is a controllable method for
large-scale manufacture, which is conducive to the practical
application needs in the future.

3. CONCLUSIONS
In summary, ReS2-NTs and MoS2−ReS2-HNTs with a
controllable diameter (from 40 to 500 nm), definite wall
thickness (from 1 layers to 10 layers), and desirable Mo-to-Re
ratio (from 0 to 90%) were fabricated via an accurate
bimetallic co-chamber feeding ALD strategy for the first time
based on AAO template sacrifice. MoS2−ReS2-HNTs with a
real Mo-to-Re ratio of 31.0% exhibited the best photocurrent
response performance, by which the ultrasensitive detection of
cancer-related miRNA-155 with a linear range of 10 aM to 1
nM and a detection limit of 1.8 aM were achieved.

4. EXPERIMENTAL SECTION
4.1. Reagents and Materials. AAO templates were obtained

from Pu-Yuan Nanotechnology Co., Ltd. (Hefei, China). ITO slices
(3−4 Ω) were purchased from Shang Guluo Glass Co., Ltd.
(Luoyang, China). Rhenium pentachloride (ReCl5) was purchased
from China Rhenium Co., Ltd. (Zhuzhou, China). Hydrogen sulfide
(H2S), oxygen (O2), and nitrogen (N2) were supplied by Nanjing
Special Gas Co., Ltd. (Nanjing, China). Sodium hydroxide (NaOH),
molybdenum chloride (MoCl5), hydrogen tetrachloroaurate trihy-
drate (HAuCl4·3H2O), 6-mercaptohexanol (MCH), phosphate buffer
solution (PBS), AA, potassium hexacyanoferrate (III) (K3[Fe
(CN)6]), and potassium hexacyanoferrate (II) (K4[Fe (CN)6])
trihydrate were purchased from Sigma-Aldrich (Shanghai, China). All
of the reagents were purchased from Aladdin Co., Ltd. and were not
further processed. The oligonucleotide sequences were provided by
Sangon Biotech Co., Ltd. (Shanghai, China), and their sequences
were as follows:
Probe SH-RNA: 5′-SH-ACC CCU AUC ACG AUU AGC AUU

AA-3′
MiRNA-155: 5′-UUA AUG CUA AUC GUG AUA GGG GU-3′
MiRNA-21: 5′-UAG CUU AUC AGA CUG AUG UUG A-3′
MiRNA-182: 5′- UUU GGC AAU GGU AGA ACU CAC ACU -3′
MiRNA-141: 5′-UAA CAC UGU CUG GUA AAG AUG G-3′

MiRNA-197: 5′-UUC ACC ACC UUC UCC ACC CAG C-3′
Diethyl pyrocarbonate (DEPC) water was used for the preparation

of all solutions to reduce the effect of RNase on the experimental
results.

4.2. Preparation of ReS2-NTs and MoS2−ReS2-HNTs. ReS2-
NTs/AAO and MoS2−ReS2-HNTs/AAO were deposited in a
homemade and multisource controllable ALD setup operated under
reduced nitrogen pressure. ReCl5, MoCl5, and H2S were used as
precursors for the deposition. According to our previous work, 400 °C
is identified as the optimal temperature for ReS2 films. The solid
ReCl5 and MoCl5 precursors were kept at 110 °C and delivered into
the reaction chamber with a N2 carrier flow of 50 sccm.

MoS2−ReS2-HNTs/AAO was prepared by combining ReS2 and
MoS2 ALD processes into a “super-cycle” (Table 1). One “super-
cycle” containing 15 ALD cycles was designed by pulsing ReCl5 and
MoCl5−ReCl5 precursors successively into the same ALD chamber.
Each MoCl5−ReCl5 cycle included MoCl5−ReCl5 pulsing (1 s), N2
purging (60 s), H2S pulsing (1 s), and N2 purging (60 s). Meanwhile,
ReCl5 and MoCl5 were injected into the reaction chamber together to
obtain well-mixed MoS2−ReS2 heterojunctions. Furthermore, ReS2-
NTs/AAO was deposited by ALD without Mo source. Before being
used, the AAO template was washed 3 times with acetone, ethanol,
and deionized water; oven-dried at 60 °C; and then treated with O2
plasma for 5 min.

ReS2-NTs and MoS2−ReS2-HNTs were fabricated by putting ReS2-
NTs/AAO and MoS2−ReS2-HNTs/AAO into 1 M NaOH solution
for 24 h. After that, NaOH solution was repeatedly diluted and
replaced with deionized water until it was a neutral solution. Finally,
ReS2-NTs and MoS2−ReS2-HNTs were dried, and their suspension
(1 mg/mL) was prepared by deionized water.

4.3. Fabrication of PEC-Sensing Platform. The fabrication of
MoS2−ReS2-HNT-based PEC biosensor is depicted in Figure 6a. ITO
substrates were cleaned by sonication in acetone, ethanol, and
deionized water for 20 min successively and dried under N2. ITO (5
mm × 5 mm) was first coated with 15 μL of as-prepared MoS2−ReS2-
HNT suspension and then dried in a dark environment for 24 h. The
obtained electrode was denoted as MoS2−ReS2-HNTs/ITO. By
controlling the deposition potential at - 0.2 V and deposition time at
300 s in HAuCl4 (0.1%), AuNPs prepared by electrodeposition have
good uniformity. The obtained electrode was denoted as AuNPs/
MoS2−ReS2-HNTs/ITO. The electrodes were washed with PBS
solution 3 times and then dried at room temperature. After that, 20
μL of the probe immobilization buffer (1 μM) was dropped onto the
electrodes (named probe/AuNPs/MoS2−ReS2-HNTs/ITO) and
incubated for 8 h in a dark environment. Then, 20 μL of MCH (1
mM) was dropped onto the surface of the prepared electrodes for 60
min to fill unreacted AuNPs and block any nonspecific adsorption
site. miRNA-155 (20 μL) with a certain concentration was dropped
onto the surface of electrodes and incubated for 120 min at 37 °C.
The obtained electrode was denoted as miRNA-155/MCH/probe/
AuNPs/MoS2−ReS2-HNTs/ITO. Finally, the electrodes were washed
with PBS and used as PEC anodes for PEC measurements.

4.4. Characterization. The morphology of NTs and AAO was
examined by SEM (FEI Inspect F50, USA). The diameter, thickness,
and EDS element mapping measurement of the NTs were identified
by HRTEM (Talos F200X, ThermoFisher). The heterojunction
structure of MoS2−ReS2-HNTs was observed by TEM (Titan 80-300,
USA). The composition and crystal structures of NTs were
investigated by Raman spectroscopy (Raman, LabRAM HR UV−
visible) with a 532 nm laser and XRD (SmartLab, Japan). The
composition and chemical bonds of the surface layer of MoS2−ReS2
heterojunction films were analyzed by XPS (Nexsa, ThermoFisher)
with the Al Kα radiation line (1486.6 eV) and a voltage of 12 kV. All
the binding energies of XPS spectra were calibrated using the C 1s
(284.8 eV) of ambient hydrocarbons, and peak fitting was completed
using the XPSPEAK41 software. The AAO substrates were treated
with O2 by a PCE-6 plasma cleaner.

PEC and electrochemical measurements were taken on an
electrochemical workstation (CHI660E, China) with a conventional
three-electrode system consisting of a saturated calomel electrode as
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the reference electrode, a modified ITO (0.25 cm2) as the working
electrode, and a platinum (Pt) wire as the counter electrode. All the
PEC measurements were taken at an applied potential of 0.1 V under
monochromatic light (1 W, 450 nm, 92 mW·cm−2) in 0.1 M PBS (pH
= 7.4) containing 0.1 M AA as the electron donor. The cyclic
voltammetry (CV) measurements were taken in 5 mM [Fe-
(CN)6]

3−/4− containing 0.1 M potassium chloride (KCl) solution
between −0.1 and 0.6 V. EIS measurements were taken in 5.0 mmol·
L−1 [Fe(CN)6]

3−/4− and 0.1 mol·L−1 KCl solution from 100 kHz to
0.1 Hz, and all the obtained data were processed by ZSimpWin. The
effective surface was tested by CC in 0.1 mM K3[Fe(CN)6] with 1.0
M KCl.
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