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ABSTRACT

Interface regulation plays a key role in the electrochemical performance for biosensors. By controlling the interfacial interaction,
the electronic structure of active species can be adjusted effectively at micro and nano-level, which results in the optimal reaction
energy barrier. Herein, we propose an interface electronic engineering scheme to design a strongly coupled 1T phase
molybdenum sulfide (1T-MoS,)/MXene hybrids for constructing an efficient electrocatalytic biomimetic sensor. The local
electronic and atomic structures of the 1T-MoS,/Ti;C,Ty are comprehensively studied by synchrotron radiation-based X-ray
photoelectron spectroscopy (XPS), as well as X-ray absorption spectroscopy (XAS) at atomic level. Experiments and theoretical
calculations show that there are interfacial stresses, atomic defects and adjustable bond-length between MoS,/MXene
nanosheets, which can significantly promote biomolecular adsorption and rapid electron transfer to achieve excellent
electrochemical activity and reaction kinetics. The 1T-MoS,Ti;C,Tyx modified electrode shows ultra high sensitivity of 1.198
pA/uM for dopamine detection with low limit of 0.05 pM. We anticipate that the interface electronic engineering investigation

could provide a basic idea for guiding the exploration of advanced biosensors with high sensitivity and low detection limit.
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1 Introduction

With the rapid development of intelligent medicine, biosensors
have attracted extensive attention because they can effectively
monitor the biological and medical information in vivo [1-6].
Dopamine (DA) is a neurotransmitter in human body, and it is
considered to be an important biomarker of Parkinson's disease,
schizophrenia, attention deficit hyperactivity syndrome and other
diseases [7-9]. Therefore, DA detection is very important for the
health diagnosis. Up to now, various methods for detecting DA
have been developed, where enzyme-based biosensor through
electrochemical pathway represents one of the most vital strategies
because of the miniaturization, fast speed, high sensitivity and low
cost [10-12]. However, the expensive price, poor stability and
difficult preservation of enzymes limited the practical applications.
Due to the unique physicochemical features, the functional
nanomaterial-enabled signal amplification method has made some
impressed  breakthroughs in biosensing field [13-18].
Nevertheless, the sensitivity and selectivity still need to be further
improved, which attribute to the low density of exposed active
sites on electrode materials [19,20]. Three-dimensional (3D)
nanomaterial hybrids containing multiple active species

demonstrate distinctive advantages in catalytic activity and
selectivity for a variety of catalytic reactions [21-24]. As a
consequence, the 3D multiple nanomaterial hybrid-enabled signal
amplification strategy holds great promise in DA electrochemical
biosensors, which may display satisfactory sensitivity and
selectivity with the assistance of tunable interface interactions,
coordination environments and geometric/electronic structures of
active sites.

Two-dimensional metal chalcogenides (TDMCs) have
experienced major development in the pursuit of novel catalyst
designs due to their controllable and rich electronic structure
[25-30]. Generally, surface modification, defect engineering and
heteroatom doping are common methods to design the inherent
electronic structure of TDMCs [31-33]. For example, modified
ions (such as F, H', Cl, etc.) on the surface of TDMCs can
effectively improve the carrier density, and atomic doping plays a
synergistic role to achieve the enhancement of catalytic
performance [34-43]. However, how to accurately manipulate
their electrophilic/nucleophilic properties for bioactive catalysis is
still a grand challenge. As a potential project to overcome the
obstacle, the interfacial engineering modification, which is carried
out through the hybrid structure formed by TDMCs, could bring
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more possibilities for modifying the atomic and electronic states to
improve the electrophilic/nucleophilic features of the catalysts
[44-48]. The well-designed TDMC hybrid structure may lead
to spontaneous electron transfer across the interface, which
enhances the electron affinity of the catalytic surface and
greatly improves the catalytic activity and selectivity.
Especially, MXene is a graphene-like two-dimensional layered
metal carbons or nitrides with rich functional groups (-F and
-OH), making them perfect alternatives for coupling with

TDMCs [49-51]. These unique surface structures of MXene may
provide new opportunities to change the electronic structure of
two-dimensional (2D) nano materials and maintain the integrity
of their matrix.

In this work, we establish a providential MoS,/MXene hybrid
structure through interface electronic engineering for efficient
electrocatalytic biomimetic sensors. The atomic interface effects
are demonstrated by systemative X-ray spectroscopies through
synchrotron radiation facility at Mo K-edge, Mo L-edge, S L-edge,
Ti L-edge, etc. The strong electronic coupling and interfacial stress
between 1T-MoS, and Ti;C,Ty, cause the shortening of the Mo-S
bond-length and accordingly accelerates the reaction kinetics as an
electron transfer channel. In addition, the 3D structures provide
more active sites for biomolecular adsorption. As results, the
MoS,/MXene hybrid exhibits a high detection limit for DA (1.198
HA/UM in the range of 0.1 to 40 (M) and a low limit of detection
(0.05 puM). This work provides practical pathway for the rational
design of efficient biomimetic sensors by applying two-
dimensional hybrid materials.

2 Result and discussion

2.1 Preparation and characterization

The preparation process of 1T-MoS,/Ti;C,Ty hybrid was schemed
in Fig. 1. Firstly, the aluminium layer in Ti;AIC, MAX phase was
etched with LiF and HCI (Fig. S1 in the Electronic Supplementary
Material (ESM)). Then, the few-layer Ti;C,Ty was obtained by
ultrasonic centrifugal peeling. The Tyndall scattering effect of few-
layer Ti;C,Tx nanosheets was also observed (Fig.S2(a) in the
ESM). Finally, 1T-MoS,/Ti;C, T was obtained by a hydrothermal
process where 1T-MoS, was grown in-situ on the surface of
Ti;C,Tx. The abundant functional groups in Ti;C, Ty provided a
lot of anchor sites for the uniform growth of 1T-MoS, [52-54]. In
addition, the ~-OH group on the surface of Ti;C,Tx had good
hydrophilicity, which made Mo*" first adsorb on the surface for
nucleation and growth, and prevented the re accumulation of
MoS, sheets [55-58]. The MoS,/Ti;C,Tx composite was generated
and settled to the bottom (Fig. S2(b) in the ESM), which acted as
the working electrode of the bionic sensor (Figs. S2(c) and S2(d) in
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the ESM). Figure 2(a) and Fig. S3 showed the scanning electron
microscopy (SEM) image of the prepared 1T-MoS,/Ti;C,Ty. It
was found that 1T-MoS, nanosheets stood closely on Ti;C,Tx with
random orientation and bending features. The 1T-MoS, and
Ti;C,Tx nanosheets were also prepared and characterized in
Figs. S4-S7 in the ESM as contrast samples [55]. According to
high-resolution TEM (HRTEM) image in Fig. 2(b), the interlayer
spacing of Ti;C, Ty and 1T-MoS, is 0.24 and 0.62 nm, respectively.
Interestingly, the lattice at the interface become larger, resulting
from the atomic coupling between Ti;C,Ty and 1T-MoS,.
Remarkably, there are hexagonal lattice and triangular lattice in
the same plane, suggesting 1T-MoS, is successfully obtained by in-
situ growth process (Figs. S8-S10 in the ESM). In addition, the
element mapping of the electrode material (Fig.2(c)) showed
that 1T-MoS, nanosheets grow uniformly on the surface of
Ti,C,Ty. The SEM and TEM results suggested the tight binding
between Ti,C,Tx and 1T-MoS, nanosheets bending regions. X-ray
diffraction (XRD) and Raman characterizations further proved
that the synthesized sample was a complex of 1T-MoS, and
Ti;C,Tx (Fig.S11 in the ESM). Interestingly, in the Raman
spectroscopy, the A,, peak of 1T-MoS,/Ti;C,Ty obviously shifted
from 405 to 399 cm”, compared with that of 1T-MoS,, which
might be derived from the strong coupling of MoS, and Ti,C,Ty.
In order to study the utilization efficiency of three-dimensional
cross-linking of 1T-MoS,/Ti;C, Ty, the nitrogen isotherm and pore
size distribution were obtained (Fig. S12 in the ESM), showing a
higher specific surface area of 89 m?g. compared with pure
Ti;C,Ty (5 m*/g) and 1T-MoS, (38 m?/g), this good morphological
feature would be conducive to the adsorption of biomolecules and
provide a large number of active sites for enhanced
electrochemical behavior.

For the sake of studying the chemical state of 1T-MoS,/Ti;C,Tx
composites, synchrotron radiation based XPS measurements were
carried out. In the survey scan spectrum of 1T-MoS,/Ti,C,Ty (Fig.
$13 in the ESM), an obvious O signal was observed, indicating the
partial oxidation of Ti;C,T [56]. Before and after in-situ growth
of 1T-MoS,, the peaks of Mo 3d, S 2p and Ti 2p all shifted to high
energy, which mean that interface bonds were formed between
Ti;C, Ty and 1T-MoS,, in other words, a heterostructure was
constructed. The XPS spectrum deconvolution of Mo 3d (Fig. 2(d)
in the ESM) was three peaks. The two peaks at 232.6 and 229.5 eV
of Mo 3d spectrum belong to Mo 3d;, and Mo 3ds),, respectively,
while those at 236.2 eV was attributed to the existence of Mo™
oxidation state [57,58]. A reasonable explanation was that
unsaturated coordinated sulfur atoms was introduced into MoS,
layer, which was also confirmed by S 2p spectrum (Fig. 2(e)). In
addition to the binding energies of S 2p,, and S 2p,,, there are
two other peaks generated at 162.7 and 163.8 eV and assigned to
the binding of apical S or bridging disulfide S, ligands [59].
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Figure2 (a) SEM image of 1T-MoS,Ti;C,Ty. (b) HRTEM images of 1T-MoS,Ti;C,Ty. (c) EDS elemental mappings of Mo, S, and Ti. XPS spectra of the 1T-
MoS, Ti;C,Tx: (d) Mo 3d, (e) S 2p, and () Ti 2p. (g) Mo L-edge XANES, (h) S L-edge XANES and (i) Ti L-edge XANES of 1T-MoS, Ti;C, T

Figure 2(f) showed the Ti 2p spectra of 1T-MoS,/Ti,C,Tx and
Ti;,C,T. It was worth to note that there were two small peaks of
459.8 and 465.8 eV in 1T-MoS,/Ti;C,Ty, belonging to Ti-S-Mo
bonds [60]. The formation of these bonds also provided strong
evidences for the formation of strongly connected 1T-
MoS,/Ti;C, Ty interface.

In order to more deeply explore the interaction between
electrons and atoms in the 1T-MoS,/Ti;C, Ty hybrids, we studied
the soft XANES spectra of Mo L-edge, S L-edge and Ti L-edge of
the sample, which is sensitive to the chemical elements and
electronic band structure. In Fig. 2(g), the origin of the Mo L-edge
XANES is mainly the electron conduction band formed by the
transition of electrons from the nuclear level (3d;,) to the empty
4d state. In Fig.2(h), the pre-edge of S L-edge showed three
different peaks, which could be fitted with the component of spin
orbit splitting, indicating that there were three dominant
transitions, in which the transition energies of S 2p;, component
were 162.4, 163.5 and 164.35 eV, respectively. Due to the high
covalence of molecular orbital, the obtained 1T-MoS,/Ti;C,Ty
showed a broadened peak in this region and slightly transfered to
higher energy. This indicates that sulfur existed in the unsaturated
form of top S* or bridged disulfide S*, coordination, suggesting
that Mo-S or Ti-S bonds might be formed, which was consistent
with the results of XPS. The characteristic peaks from A to D in
the Ti L-edge spectrum (Fig. 2(i)) indicated the transition of Ti 2p
electrons to unoccupied three-dimensional electronic states. Peak
A and peak B were located at 458.2 and 460.2 eV respectively,
reflecting the L; edge transition from 2p;, to 3ds,, in which the
energy gap of 2.0 eV showed the characteristics of anatase
structure. Features C and D at 463.6 and 465.7 eV belonged to L,
edge transition from 2p,;, to 3d, state [61]. The above analysis
revealed that the sulfur rich unsaturated site in MoS, and the
strong electronic coupling between Ti;C,Tx and sulfur provided a
large number of catalytically active sites. This strong conjugate
bond could not only effectively alleviate the self agglomeration of
nanosheets, but also act as an electron bridge at the 1T-

MoS,/Ti;C, Ty heterogeneous interface.

The structure of 1T-MoS, was further studied at the atomic
level by synchrotron radiation hard X-ray absorption fine
structure (XAFS) measurement. In general, the average oxidation
state of Mo element can be described by the absorption threshold
position of Mo K-edge [62]. In the XANES curve (Fig. 3(a)), the
position of the sample was between Mo,C and bluk MosS,,
indicating that the oxidation state of Mo is between the two
references. As we all know, Fourier transform (FT) is a basic step
of EXAFS spectral data extraction and interpretation. The FT-
EXAFS of the samples were shown in Fig. 3(b) and Fig. S14 in the
ESM. We found that the 1T-MoS,/Ti;C, Ty had two FT peaks at
1.9 and 2.5 A, which was mainly due to the scattering of the first
shell Mo-S and the second shell Mo-Mo coordination [63].
Compared with bulk MoS,, the peak strengths of Mo-S bond and
Mo-Mo bond decreased significantly. This reduced Mo-S bond
length and Mo-Mo bond coordination number were typical
characteristics of 1T phase [64]. Moreover, the ultra-small size of
1T-MoS, further reduced the coordination number. The nearest
Mo-S bond length was slightly shorter, which might be due to the
defects caused by solvothermal treatment or interface effect in the
heterojunction structure. Wavelet transform (WT) is considered
as a good supplement to FT because of its strong resolution in k
and R space. The Mo K-edge WT-EXAFS of the sample was
shown in Fig. 3(c) and Fig. S15 in the ESM. The WT contour map
of the sample had only one strength maximum at 42 A,
corresponding to the Mo-S bond [65]. The structural parameters
were quantitatively fitted by EXAFS. The fitting results were
shown in Figs. 3(d) and 3(e), Fig. S16 and Table S1 in the ESM.
Based on EXAFS fitting, it was considered that Mo-S bond shrinks
and shortens the electron transmission distance.

2.2 Electrochemical properties

Cyclic voltammetry (CV) method was used to detect DA on
indium tin oxide (ITO) bare electrode, Ti,C,Tx, 1T-MoS, and 1T-
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Figure3 (a) The experimental Mo K-edge XANES spectra of 1T-MoS,/Ti;C,Txand the references (Mo foil, bulk MoS,, Mo,C and 1T-MoS,). (b) Fourier transfers of
the k*-weighted EXAFS oscillations of the as-prepared samples. (c) Wavelet transforms for the k*-weighted Mo K-edge EXAFS signals of bulk MoS,, 1T-MoS, and 1T-
MoS,/Ti;C,Ty, respectively. (d) FT-EXAFS fitting curves of 1T-MoS,/Ti;C,Tyand the Corresponding Mo K-edge EXAFS fitting curves. (e) g space fitting curve at Mo
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MoS,/Ti;C, Ty electrode, as shown in Fig. S17 in the ESM. The
oxidation peak potential of DA was about 0.2 V. Compared with
the bare electrode, the oxidation peak current of 1T-MoS,/Ti;C,Tx
electrode was obviously increased. The possible reasons were as
follows: (1) 1T-MoS, nanosheets uniformly grown on the Ti;C, Ty
MXene framework had high conductivity (Fig. S18 in the ESM)
and electrocatalytic properties. (2) The 1T-MoS,,Ti;C,T electrode
had a large electrochemically active area of 2.19 cm® (Fig. S19 in
the ESM). (3) The 1T-MoS,Ti;C, Ty electrode had improved
wettability (Fig. S20 in the ESM), which was conducive to
increasing the contact between active sites and biomolecules. (4)
The synergistic effect of Ti;C,Ty MXene and 1T-MoS, further
improved the electrochemical performance of the electrode.

The effect of scanning rate on the CV reaction of DA was
studied under 1T-MoS, Ti;C,Tx condition. As shown in Fig. 4(a),
with the increase of scanning rate (40-500 mV/s), the redox
current density intensity of DA increased, and the peak
potential gradually shifted to a positive value. Obvious
oxidation and reduction peaks were observed, indicating that
the electrode reaction of DA was quasi reversible. The linear
relationship between the peak current density and the square
root of scanning rate indicated that the oxidation of DA on
1T-MoS, Ti;C, T was a diffusion controlled process (Fig. 4(b))
[66]. Compared with CV, the charging current of DPV had less
influence on the background current, so DPV was selected to
accurately obtain the electrode sensitivity. Figure 4(c) showed the
DPV curve of 1T-MoS,Ti;C,Tx electrode in DA at different
concentrations. With the increase of DA concentration, the
oxidation peak current of DA increased. The linear equation was
(R = 0999) (Fig.4(d)). The sensitivity of 1T-MoS,Ti,C,Tx
electrode was 1.198 uA/uM. The LOD was 0.05 uM (S/N = 3) (Fig.
S$21 in the ESM). As shown in Table S2 in the ESM, the
performance of 1T-MoS,Ti;C,Ty electrode was better than that
reported previously. Other potential interference sources were also
used as interference items. Through the interference test, as shown
in Fig. S22(a) in the ESM, it can be seen that there is no response
current change with the addition of the interference source, but a
large current change is detected when DA is added. In addition,
we also conducted the DPV test of interference source, and its
peak current at the same potential is shown in Figs. S22(b) and
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Figure4 (a) CV curves of 1T-MoS, Ti;C, T electrode in 0.1 mM DA with
differrent sacnning rates of 40, 80, 100, 200, 300, 400 and 500 mV/s. (b)
Relationship of the DA oxidation peak current density vs. the square-root
of the scan rate in the range of 40-500 mV/s. (c) DPV curves of the 1T-
MoS, Ti;C, Ty electrode in DA with different concentrations. (d) Relationship of
the DA oxidation peak current vs. its concentration. (e) Stability of 1T-
MoS, Ti;C, T for DA detection with a long lifetime. (f) Recovery investigation
of 1T-MoS,Ti;C,Tx performed by adding standard DA in human serum
samples.

S22(c) in the ESM. It can be seen that the sensitivity of materials to
DA is the best under the same conditions, indicating that 1T-
MoS, Ti;C,Tx electrode has a high selection for DA molecules.
More importantly, repeatability and stability are important
indicators of sensing materials, so we repeated DPV test on 1T-
MoS, Ti;C,Tx nanosheets electrode for 6 times in 10 uM DA
andfour different 1T-MoS, Ti;C, T electrodes (Fig.S23 in the
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ESM). It was found that the oxidation peak of DA had no
significant change, indicating that it had good inter-assay and intra-
assay repeatabilities. In addition, DPV test was carried out every
two days to test its long-term stability (Fig.4(e)). The results
showed that the peak current decreased less than 7.2% after two
weeks, indicating that 1T-MoS,Ti;C,Ty electrode had good
stability. The 1T-MoS,Ti;C,Tx was characterized after the
catalytic reaction (Fig.S24 in the ESM). TEM and HRTEM can
see obvious lattice stripes of MoS, and Ti;C,Ty. XRD shows that
no new phase appears. EDS map shows the uniform distribution
of Mo, S, Ti and C, indicating that the 1T-MoS, Ti;C,Ty has good
structural stability.

In order to test the feasibility of the electrode in the actual
sample, we selected the urine of healthy human as the sample and
diluted the urine 500 times with 0.01 M PBS. As shown in Fig.
4(f), the recoveries of DA at different concentrations ranged from
100.2% to 103.4%. The RSD of five parallel tests was less than 2.0%
(Table S3 in the ESM). The results show that 1T-MoS,/Ti;C,Tx
electrode can be used for the detection of DA in urine, which has a
great clinical application prospect.

3 Theoretical calculations

To demonstrate the sensing behavior of 1T-MoS,Ti;C,Ty
heterogeneous interface, density functional theory (DFT) was used
for calculation. As can be seen from Fig.5(a), the adsorption
energy (E,q) value of DA adsorbed on 1T-MoS, Ti;C,Ty is lower
than that of MoS, and Ti;C,Ty, indicating that DA has good
adsorption and stronger interaction with 1T-MoS,Ti;C,Ty.
Therefore, we also studied the surface electronic structure of
hybrid heterostructures. The calculation results show that MoS,
has typical semiconductor properties (Fig. 5(b)). It is worth noting
that the Density of states (DOS) intensity of 1T-MoS, Ti;C, Ty is
higher than that of 1T-MoS, at the Fermi level. Therefore, 1T-
MoS, Ti;C, Ty is more conducive to charge transfer, which is
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Figure5 Theoretical simulation for DA at MoS,/Ti;C,Txy MXene
heterointerface. (a) DA adsorption and the corresponding adsorption energy at
MosS,, Ti;C,Txand MoS,/Ti;C, Ty MXene heterointerface (Inset: computational
models). (b) DOS plots (fermi levels are set as zero and indicated with dashed
lines) of MoS,, Ti;C,Ty and MoS,/Ti;C,Ty (c) The DOS of the isolated DA
molecule and adsorption on MoS,, Ti;C,Txand MoS,/Ti;C,Tx. The dotted line
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density differences for DA absorbed on the (1) MoS,, (2) Ti,C,Tx and (3)
MoS,)/Ti,C,Tx. in which the red and green areas represent the charge
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consistent with the results of electrochemical properties. From the
DOS of the active group (OH) of DA (Fig. 5(c)), 1T-MoS, Ti;C, T
makes DA move closer to the Fermi level, indicating that there is a
strong hybridization between DA and the substrate [67]. From the
charge density of DA on different substrates, there is a small
amount of charge transfer in MoS, and Ti;C,Ty, while there is
more charge transfer on the surface of 1T-MoS, Ti;C,Tx (Fig.
5(d)), indicating that the electron interaction is stronger in 1T-
MoS, Ti;C, Ty system. In conclusion, the DA detection
performance of 1T-MoS,Ti;C,Ty heterogeneous interface is
mainly due to its large electroactive specific surface area and high
electron transfer ability.

4 Conclusion

In conclusion, we rationally designed a molybdenum
sulfide/MXene hybrids with strong electronic coupling through
practical hydrothermal strategy, in which 1T-MoS, was grown in-
situ on the surface of Ti;C,Ty. The interface effects were
appropriately monitored by comprehensively synchrotron
radiation-based X-ray spectroscopy, as well as transmission
electron microscopy. The highly correlated 3D heterogenous
structures established effective charge transfer channels and active
sites on 1T-MoS, nanosheets. The novel 1T-MoS, Ti;C,Ty
electrode exhibited remarkable performance in the ultra sensitive
detection of dopamine. We expect that the interface electronic
strategy could provide a basic idea for guiding the investigations of
advanced biosensors with high sensitivity and low detection limit.
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