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ARTICLE INFO ABSTRACT

Keywords: Higher resistance is exceptionally detrimental to metal oxide-based electrochemical sensors’ detection perfor-
Synergistic effect mances that depend on their electrical conductivity. Herein, guided by the synergistic effect of the heterophase
Sn-C bond

boundary, a hollow core-shell combination with a double-layered structure was engineered via hydrolysis
strategy, namely nitrogen-doped carbon hollow nano-microspheres (N—C HNMs) coated with SnO outer layer
(N—C@SnO2 HNMs), then applied for high-performance electrochemical sensing. Advantages including large
surface area and strong electronic coupling of Sn-C bond on the boundary facilitated the adsorption of target
molecules and electron transferring across the composites, achieving efficient quantitative identification. Density
functional theory (DFT) calculation demonstrated the motivation of the charge accumulation at the interface due
to the formation of the Sn-C bond, which acted as a bridge for charge transfer. Unsurprisingly, the N—C@SnO3
HNMs-based electrode showed an excellent performance toward dopamine (DA), such as favorable DA selec-
tivity, a lower limit of detection, and a wide linear detection range. Moreover, the electrode material could be
applied to the microsensor for in-situ DA detection in artificial sweat.

Iterfacial interaction
Electrochemical detection
Portable microchip

1. Introduction Electrode materials, the clincher to decide the electrochemical

property, has various types such as carbon material [12,13], noble metal

Dopamine, a significant biomolecule distributed in the human body,
plays a potential role in the physiological system. The abnormal DA level
is the key to diagnose various diseases, such as Parkinsonism, schizo-
phrenia, and scurvy [1-3]. In conclusion, detecting DA is meaningful
and essential in diagnosing, preventing, and treating the above diseases.
Unlike the difficult-to-operate, time-consuming, expensive mass spec-
trometry [4] and liquid chromatography [5], the electrochemical sensor
has recently attracted considerable attention owing to its advantages of
favorable convenience, reliable selectivity, low limit of detection (LOD),
and short-time response compared to other analytical methods.
Accordingly, the electrochemical sensor has been extensively explored
for many applications such as drug control [6], environmental assess-
ment [7], foodborne pathogens detection [8,9], biological monitoring
[10], and health examination [11].
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[14], metal-organic framework [15], polymer [16], metal oxides [17],
and so on. For a long time, metal oxide-based catalysts have held great
promise as a catalyst for electrochemical sensors due to their abundant
active sites, enhanced catalytic properties, and remarkable stability
[18,19,20,21,22]. Yet, their intrinsically poor conductivity is one of the
major obstacles in electrochemical detection, leading to the relatively
lower sensitivity and higher LOD [23]. Therefore, the current electrode
materials need to be modified reasonably to improve the performance of
electrochemical sensors. Carbon, one of the most abundant elements in
nature, can be utilized as conductor material to enhance the electrical
conductivity of the compound substrate. To date, an inordinate variety
of carbon materials have been advocated for electrochemical detection,
such as carbon nanotubes [24], reduced graphene oxide [25], graphene
quantum dots [26], and so on. Despite multiple methods that have been
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employed to combine the conductive carbonaceous materials and the
metal oxides, the weak interface chemical coupling between metal ox-
ides and carbon still causes a sizeable charge-transfer barrier, thus
delivering unsatisfactory electrochemical properties [27]. Therefore, an
effective method is urgently needed to enhance the interfacial coupling
effect to improve redox kinetics and electrochemical sensing
performance.

Currently, many methods exist to prepare the composites with the
intense interfacial-coupling action between the heterogeneous interface,
enabling the electrons to traverse rapidly through the chemical bond.
For example, due to the improved charge transfer, the reported
SnSe,@C with the Sn-C chemical bond delivered a superior rate capa-
bility and good cycling stability of sodium-ion batteries [28]. Following
a similar process, the growth of MoSej; sheets on graphene by Mo-C bond
facilitates electrons across the interface, suggesting fast pseudocapaci-
tive Na-ion storage with excellent durability over many cycles [29].
Thus, the strong interfacial electronic coupling could be a key factor for
the electron transfer to enhance the redox kinetics, leading to better
electrochemical performances [30].

Herein, an interfacial synergistically effect guided scheme was re-
ported to coat SnO; outer-layer on the nitrogen-doped carbon hollow
nano-microspheres via hydrolysis strategy, named N—C@SnOy HNMs.
The introduction of conductive N—C HNMs as inner-supporter could
effectively improve the electrical conductivity of the bare SnO; HNMs
and enhance the charge transfer between the hybrid phases of SnO, and
N—C HNMs through the interfacial Sn-C bond. For this reason, the
N—C@SnO, HNMs exhibited enhanced electrochemical properties, such
as a lower LOD (41.5 nM) and a wider linear detection range from 0.5 to
90 pM. DFT calculations and XPS results demonstrated the role of charge
accumulation at the interface of N—C@SnO, HNMs. Last but not least,
such hybrid electrode material was applied to a microsensor for in situ
DA detection through assembling with the microchip, thus holding a
significant promising practical and rapid clinical diagnosis.

2. Experimental section
2.1. Materials

L-Cysteine (Cys), uric acid (UA), and potassium stannate trihydrate
(K2Sn03-3H,0) were purchased from Aladdin Industrial Inc.; Tetraethyl
orthosilicate, urea, 1-glutathione reduced (GSH), and glucose (Glu) were
purchased from Macklin Inc.; .-Ascorbic acid (AA) was purchased from
Sinopharm Chemical Reagent Co., Ltd.; Dopamine was purchased from
Xiya Regent Science and Technology Co., ltd.; Ethanol and sodium hy-
droxide (NaOH) were purchased from Chron Chemicals Co., 1td. All
chemicals were used as received without any further purification.

All the electrodes were purchased from Tianjin Aida Hengsheng
Technology Development Co., 1td. The microsensor was purchased from
Guangzhou Mecart Sensor Technology Co., 1td.

The artificial sweat was supplied by Nanning Municipal Center for
Disease Control. The entire experimental process will not involve ethical
issues.

2.2. Synthesis of the N—C@SnO, HNMs

In a typical synthesis, SiO5 nano-microspheres were prepared by the
Stober method [31] and used in the following experiments. 0.1 g of SiOy
nano-microspheres were dispersed in 10 mL of deionized water, and
then 75.6 mg of DA was added. After gently stirring for 18 h, the ob-
tained brown powder was collected by centrifugation and dried over-
night in a vacuum oven at 60 °C. Then, 90 mg of the obtained SiO,@
Polydopamine (PDA) core@shell nano-microspheres, 144 mg of
K2Sn03-3H20 and 0.9 g of urea were dispersed in a solution of 18 mL of
deionized water and 12 mL of ethanol under ultrasound. The suspension
was transferred to 50 mL of Teflon-lined stainless steel autoclaves and
heated at 170 °C for 36 h to obtain the SiO,@PDA@SnO,
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core@shell@shell nano-microspheres, and then the powder was
carbonized at 800 °C for 2 h in the argon atmosphere to obtain the
SiO,@N—C@Sn0O, core@shell nano-microspheres [32]. Finally, the
SiO4 cores were etched off in 2.0 M NaOH aqueous solution to obtain the
double-shell N—C@SnO5 HNMs.

2.3. Synthesis of the SnO2; HNMs

For comparison, SnO, HNMs were synthesized. In a typical synthesis,
0.1 g of SiO9 nano-microspheres, 144 mg of KoSn0O3-3H20 and 0.9 g of
urea were dispersed in the solution of 18 mL of deionized water and 12
mL ethanol under ultrasound. The suspension was subsequently trans-
ferred to 50 mL of Teflon-lined stainless autoclaves and heated at 170 °C
for 36 h to obtain the SiO,@SnO, HNMs. After washing deionized water
and ethanol, the SiOy cores were etched off in 2.0 M NaOH aqueous
solution to prepare the SnO, HNMs.

2.4. Synthesis of the N—C HNMs

In a typical synthesis, 0.1 g of SiO2 nano-microspheres was dispersed
in 10 mL deionized water and added 75.6 mg of DA. After slow stirring
for 18 h, the obtained brown powder was collected by centrifugation and
dried overnight in a vacuum oven at 60 °C. The brown powder was
carbonized at 800 °C for 2 h in the argon atmosphere to obtain the
Si0,@N—C core@shell nano-microspheres. Then, the SiO, cores were
removed by 2.0 M aqueous NaOH solution to produce final N—C HNMs.

2.5. Characterization and electrochemical measurement

The samples were characterized by employing powder X-ray
Diffraction (XRD) analysis (Rigaku Ultima IV, Cu Ko radiation, A =
1.5418 ;\, Japan), Field-emission Scanning Electron Microscope (SEM)
(Hitachi SU5000, Japan), Transmission Electron Microscope (TEM) and
High-Resolution Transmission Electron Microscope (HRTEM) with En-
ergy dispersive spectrometer (EDS) (FEI TeN-Cai G2 f20 s-twin, 200 kV,
USA), X-ray Photoelectron Spectroscopy (XPS) (Thermo SCIENTIFIC
ESCALAB 250Xi, Al Ka X-ray monochromator, USA), UV/Vis/NIR
spectrophotometer (PerkinElmer, LAMBDA 1050+, USA), BET (Auto-
sorb-1Q, USA), DSC-TG (STA 409 PC, NETZSCH, Germany).

The electrochemical experiments were performed using an electro-
chemical work-station of VERTEX C (IVIUM, Netherlands). The modi-
fied glassy carbon electrode (GCE) was used as working electrode (WE).
A Pt foil and Ag/AgCl (3 M KC)) served as the counter (CE) and reference
(RE) electrode, respectively. The experiments were conducted ina 0.1 M
phosphate buffer solution (PBS, pH = 7.4). The electrochemical mea-
surements were carried out via cyclic voltammetry (CV), square wave
voltammetry (SWV), and electrochemical impedance spectroscopy
(EIS). The CV measurements were performed over a potential range
from O to 0.4 V at a scan rate of 50 mV s~'. The SWV conditions used
were step height of 2 mV, frequency of 25 Hz, and pulse height of 25 mV.
EIS measurements were carried out in a 5 mM [Fe(CN)S]B’/ 4= solution
containing 0.1 M KCI. Its frequency range was set from 0.1 Hz to 100
kHz, using an amplitude of 5 mV. The FR-4 Printed three-electrode using
gold as the working electrode, carbon electrode as counter electrode and
Ag/AgCl as the reference electrode.

2.6. Preparation of modified GCEs

For the preparation of electrodes, SnO; and N—C@SnO, HNMs (5
mg) were ultrasonically dispersed in a mixture solution of ethanol and
nafion (1 mL) for 30 min. Before modification, the GCE (5 mm in
diameter) was polished sequentially with 5.0, 0.5, and 0.03 pm of Al;O3
powder and then washed ultrasonically in distilled water. Then, a drop
of the suspension (5 pL, 5 mg mL™!) was covered on the surface of
polished GCE and dried at room temperature. The loading catalyst on
the GCEs is about 0.25 mg cm 2.
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2.7. DFT calculations

In this work, the DFT calculations were performed by using the
Vienna ab initio simulation package [33,34] (VASP) with the projector
augmented wave (PAW) potentials. The Perdew-Burke-Ernzerhof (PBE)
level of the generalized gradient approximation (GGA) was adopted to
optimize the structures (i.e., SnO2, Sn05(1 1 0), N—C, SnO2(110/N—C)).
The Brillouin zones were sampled by a Monkhorst-Pack k-point mesh
with a2 x 4 x 1 grid for SnO»(110)/N—C. The plane wave cutoff was
set to 450 eV. The electron convergence energy was set to 10 eV and
the proposed atomic positions were allowed to relax until the forces
were less than 0.02 eV/A. A vacuum layer of 15 A along the z-axis was
used to avoid periodic image interactions.

3. Results and discussion
3.1. Characterization

The synthesis process of N—C@SnO; hollow nano-microspheres
(HNs) was schematically illustrated in Fig. 1. According to the SEM
images, the as-prepared SiO, nano-microsphere templates with di-
ameters within 400 ~ 500 nm are evenly dispersed with a smooth sur-
face (Figure Sla), while the smooth N—C HNMs derived from the
SiO,@PDA were shown in Figure S1b.

In addition, Fig. 2a and b display the TEM images of N—C HNMs and
SnO, HNMs, where the corresponding thicknesses are ~ 17 nm and 20
nm, respectively. As observed distinctly in Fig. 2¢, the TEM image
proves that SnOy shells covered outside the N—C shell supporter
construct a hollow and bilayer structure with a total thickness of ~ 30
nm. Herein, the increased thickness of the composites indicates that the
interfacial interactions facilitated the adsorption of tin ions on the N—C
shells. Besides, the N—C@SnO, HNMs consist of numerous sponge-like
blocks of SnO, nanocrystals with permeable pores or channels, while the
hollow carbon shell presents the improved conductivity for the elec-
trochemical catalytic actions because of the nitrogen doping [35].
Furthermore, the HRTEM analysis of N—C@SnO2 HNMs in Fig. 2d ex-
hibits clear lattice fringes, and the lattice spacings of 0.33 nm corre-
spond to the (110) facets of SnO5 [36] as observed in XRD patterns
(Fig. 2e), and the corresponding elemental mapping analysis under SEM
observation also clearly demonstrates the homogeneous distribution of
C, N, Sn and O elements in the N—C@SnO5 HNMs (Figure S2). More-
over, the Sn and C elements in the mapping image could indicate that the
N—C was in inner layer while SnO; in the outer layer. Further, TGA
analysis of the N—C@SnO, HNMs was performed under an air atmo-
sphere to measure the carbon content in the composite, and the result
revealed the precise content of the N—C shell as 0.8 wt% (Figure S3).
Besides, the BET technique was used to investigate the specific surface
area and porous characteristics of our product. As shown in Figure S4,
the isotherm can be assigned to the type-IV class with hysteresis loops,
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Sio, Si0,@PDA Si0,@PDA@SN0,

@ NaOH etching annealing

N-C: Nitrogen-doped Carbon
N-C@SnO, HNMs Si0,@N-C@Sn0, | PDA: Polydopamine

SnO, loading

PDA coating

—_—

Stirring

Fig. 1. (a) Schematic illustration of the preparation process of the N—C@SnO,
HNMs catalyst.
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indicating the mesoporous structures. The high surface area of
N—C@SnO- (91.01 mz/g) provides a large number of adsorption sites
for the target molecules.

Both the XRD patterns (Fig. 2e) of the N—C@SnO2 HNMs and SnO,
HNMs display-three peaks at 26 = 26.5°, 33.8°, and 51.8°, matching well
with the (110), (101), and (211) planes, respectively of the cassiterite-
tetragonal phase structure of SnO, (JCPDS file No. 41-1445), thus
indicating the successful synthesis of the SnO, HNMs. However, there is
no characteristic diffraction peak of graphene or graphite state carbon
structures for the hybrid sample at 26°, which is due to the overlapping
with the broad peak (110) of SnO, [37]. Further, as shown in Fig. 2e,
the broad bulge peak appearing in N—C corresponds to the amorphous
hollow N—C shell obtained in Fig. 2a (inset). Finally, Fig. 2f shows the
FTIR of the N—C@SnO; product and the appeared peaks of the carbon
functional groups corresponding to the C—H (970 cm™!) and C=N
(1640 cm™ 1) of the inner N—C layer [38]. Likewise, the band at 615
cm ! could be assigned to the presence of the SnO5 [39], implying the
successful coating of the SnO on the N—C shell, and the undried water
molecules also contributed to the strong and broad peak at 3400 cm ™!,

The surface elemental compositions and chemical valences of
N—C@SnO, HNMs were investigated by employing XPS characteriza-
tion (Fig. 3). The survey XPS spectrum reveals the coexistence of Sn, O,
C, and N elements in N—C@SnOy HNMs (Figure S5). In Fig. 3a, the XPS
spectrum of Sn 3d on pure SnO; HNMs displays two peaks at about 495
and 486.5 eV, belonging to Sn 3ds/2 and Sn 3ds/5, respectively [36]. At
the same time, similar profiles of Sn 3ds/2 and 3d3/» were also detected
on the N—C@SnO, HNMs with a visibly blue-shifted (~0.8 eV)
compared to the pure SnO, indicating the electronic coupling between
Sn and C elements [30]. It is noteworthy that the Sn-C bond was fitted in
the Sn 3d spectrum of N—C@SnO, HNMs and therefore suggested a
strong electron interaction between SnO; and N—C bilayers [28]. As a
result, the electrons can flow along the N—C easily and transfer rapidly
to the SnO; shell through the Sn-C bond.

The peak in the Ols spectrum was deconvoluted into three peaks
located at 531.2, 532.7, and 533.8 eV in Fig. 3b. Herein, the prominent
peak of the 531.2 eV corresponds to the lattice oxygen bound to Sn in the
SnO; crystal, while the peak centered at 532.7 eV represents the non-
stoichiometric oxygen, and the peak located at 533.8 eV can be assigned
to the chemisorbed oxygen species (O3) [40]. It is worth noting that the
occurrence of the chemical bond might be attributed to the high energy
and unsaturated state of the surface Sn atoms caused by the non-
stoichiometric oxygen [28].

In addition, the XPS spectrum of C 1 s in Fig. 3¢ was fitted into 5
peaks at about 283.6, 284.6, 285.6, 286.8, and 289.1 eV, which could be
ascribed to C-Sn, C—C/C=C, C — N, C—O, and C=0, respectively. It is
worth noting here that the C — Sn bond is shown in the C 1 s spectrum by
comparison with pure SnO,, suggesting a strong electron interaction
between SnO3 and N—C in N—C@SnO,. The existence of the C—N peak
further confirms the presence of nitrogen in the composite. Moreover, as
shown in Fig. 3d, three peaks in the N 1 s correspond to the pyridinic-N
(398.6 €V), pyrrolic-N (400.5 eV), and oxidized-N (402.5 eV) [41].
Consequently, the pyridinic-N and pyrrolic-N can promote the electrical
conductivity of the composites due to their planar structure in the car-
bon matrix [42].

In previous reports, the narrowing of the bandgap can increase
electronic conductivity. Thus, the bandgap energy of the obtained ma-
terials was investigated through UV-vis diffuse reflectance spectroscopy
(Fig. 3e, f). Obviously, the absorption edge of N—C@SnO5 HNMs shifts
to ~456 nm and ~358 nm for that of the SnO, HNMs. The corre-
sponding trailing absorption of the N—C@SnOy HNMs runs from ~350
to 800 nm, as observed in the UV-vis spectrum (Fig. 3e). And as ex-
pected, the bandgap energy reduces from 3.68 to 3.37 eV in the SnO,
and N—C@SnO, HNMs (Fig. 3f). The narrowing of the bandgap can be
attributed to the combination of N—C and SnO,, which could reduce the
electron transition energy from the valence to the conduction band, thus
can improve the conductivity of the materials [43].
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Fig. 2. (a) TEM image and HRTEM image (inset) of N—C HNMs. TEM images of (b) SnO, HNMs and (¢) N—C@SnO, HNMs. (d) HRTEN image of N—C@SnO, HNMs;
(e) XRD patterns of N—C@SnO, (red), SnO, (blue), and N—C (black) HNMs; (f) FT-IR spectrum of N—C@SnO, HNMs.
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Fig. 3. XPS spectra of (a) Sn 3d, (b) O 1 s, (¢c) C1 s in N—C@SnO, and SnO, HNMs. (d) N 1 s in N—C@SnO, HNMs; (e) UV-vis diffuse reflectance spectra of
N—C@SnO, (blue) and SnO, HNMs (red); (f) Band gaps achieved from UV-vis DRS.

3.2. Electrochemical characterization of modified electrodes

To demonstrate the charge transfer kinetics properties, the EIS was
carried out in the form of the Nyquist plot. Generally, the Nyquist plot
comprises a semicircle in the high-frequency region and a straight line in
the low-frequency region. More particularly, the semicircle diameter of
the high-frequency region means the charge transfer resistance (Rc)
[44,45]. As shown in Fig. 4a, the interface R values in the high-
frequency region of the bare GCE, SnO,, and N—C@SnO; electrodes
are about 36.9, 826.9, and 169.2 Q, respectively. The difference

between the bare GCE and modified GCEs indicated that the electrode
materials were successfully modified on the GCE, while the drastic
decrease of Rt from SnO5 to N—C@SnO, means that the conductivity of
the material has been dramatically improved due to the high conduc-
tivity of the N—C layer, which may hold great promise to improve the
electrochemical performance.

To further determine the electrocatalytic performance of the ob-
tained electrode materials, the CV test was conducted in 250 pM DA with
0.1 M PBS at a scan rate of 50 mV s (Fig. 4b), and the curves recorded
from the bare GCE, SnO; and N—C@SnO-, modified GCE shows that the
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Fig. 4. (a) Nyquist plots of EIS of N—C@SnO, HNMs (red), SnO, HNMs (blue), and GCE (black) in 5 mM [Fe(CN)¢]>/#~ at 1 x 107! Hz to 1 x 10 kHz; (b) CV
curves of N—C@SnO, HNMs (blue), SnO, HNMs (red), and GCE (black) in 0.1 M PBS (pH = 7.4) containing 250 pM DA; (c) CV response of 250 pM DA on the
N—C@SnO,/GCE at 0.1 M PBS (pH = 7.4) at different scan rates (20 to 200 mV s’l); (d) Linear plot of peak current vs scan rate; (e) SWV curves of DA (0.5 to 90 pM)
at N—C@Sn0O,/GCE in 0.1 M PBS at 50 mV s’l, and (f) the corresponding linear plots of cathodic peak currents vs DA concentration for N—C@SnO./GCE.

N—C@SnO-, exhibits the highest catalytic activity compared to the GCE
and the SnO,, due to the highest peak current intensity for the electro-
chemical reactions of DA. Causes for this result might be that the het-
erojunction enhanced the electrocatalytic process due to the high
electrical conductivity and the strong interaction of the interfacial Sn-C
bond (as observed in Fig. 3a), enabling the rapid transmission of elec-
trons of the DA electrochemical detection [46].

It is necessary to explore the optimal electrochemical test conditions,
such as the volume of the electrode material and the electrolyte’s acidity
[47]. As is shown in Figure S6a, the optimization experiment of the
volume of the electrode material was carried out to optimise the per-
formance of the electrode, and the highest current peak was observed at
a drop of 5 pL of the suspension. The effect of varying pH (6.8 ~ 8.0) on
the electrochemical responses of the N—C@SnOy/GCE towards the
detection of DA has been shown in Figure S6b. It can be seen that the
oxidation peak current of DA reaches a maximum at pH 7.4 and then
decreases gradually with an increase of pH value. Thus, solution pH =
7.4 was taken for the following electrochemical test.

Different scan rate (20-200 mV-s 1) performances were employed in
0.1 M PBS (pH = 7.4) containing 250 pM DA to investigate the elec-
trocatalytic kinetic response of N—C@SnO,/GCE toward DA using the
CV method (Fig. 4c). The results demonstrate that the oxidation peak
and reduction peak current of DA is linearly related to scanning rates (20
to 200 mV-s~1). Besides, a straight-line relationship between the peak
current of DA and the scan rate was observed in Fig. 4d. The linear
regression equation of.

Lpa (RA) = 0.0964x + 4.41 with R? = 0.994 6))
and Ipe (BA) = -0.118x + 0.2° with the R? = 0.999 2

were obtained, which implied a surface-controlled electrochemical
process of DA on N—C@Sn0O,/GCE electrode [16]. Hence, the obtained
results indicated obviously that the N—C@SnO2/GCE with satisfying
electrical conductivity exhibited rapid charge-transfer capability and
mass transport properties.

Furthermore, SWV measurements were conducted to calculate the
sensitivity and LOD of DA sensing at N—C@SnO in the presence of 0.1
M PBS (pH = 7.4). As shown in Fig. 4e, the SWV response of N—C@SnO,

to DA molecule exhibits a significant increase with the various amounts
of DA solution (0.5-90 pM). It can be seen that N—C@SnO/GCE elec-
trode displays good electrocatalytic performances toward DA. Besides,
well-linear relationships were obtained between the curves of current
responses and DA concentration in the detection ranges of 0.5-90 pM, as
shown in the following equations.

Tpa (RA) = 1.873x + 14.518 (R® = 0.988) (0.5 ~ 35 uM) 3)
Tpa (HA) = 0.708x + 50.331 (2 = 0.992) (40 ~ 90 M) )

The LOD obtained in the present study is as low as 41.5 nM, which is
similar to or even lower than many other reported values shown in
Table 1. The outstanding electrochemical properties of N—C@SnO
HNMs to the electrochemical oxidation of DA could be attributed to its
structure in which the strong electronic coupling between SnO; and
N—C leads to enhanced properties such as good conductivity and elec-
trochemical activity during the detection of DA.

Table 1
Comparison of LOD and linear range of different modified electrodes for DA
sensing.

Electrode Linear range (uM) LOD (pM) References
GQDs-MWCNTs 0.005-100.0 0.87 [12]
PANI-GO 2-18 0.50 [48]
SWCNH 0.2-3.8 0.06 [49]
Nafion/MWCNT 0.1-10 0.20 [50]
MWCNT 20-50 1.07 [51]
pGr-MWCNTs-Au 1.0-100.0 0.07 [52]
Au-MWCNTs 0.48-5.7 0.071 [53]
Au@NAC-MWCNTs 0.1-250.0 0.3 [54]
ZnO/GCE 0.1-16 0.04 [55]
Au@ZIF-8 0.1-50 0.01 [56]
Cu/ZnO/GCE 0.1-20 0.055 [571
CsZnO-PANI/GCE 20-180 0.21 [58]
GCE/CQDs/Cu0O 1-180 25.4 [59]
La-doped MTO/GCE 5-50 1.32 [60]
N—C@SnO, HNMs 0.5-35 0.041 This work

40-90
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There is no doubt that the selectivity of electrochemical detection is a
crucial factor in evaluating its performance. To explore the selectivity
property of the N—C@SnO,/GCE electrode toward DA, the electro-
chemical behavior of coexistence of interfering compounds in biological
systems such as AA, UA, Cys, Glu, and GSH were investigated by the
SWV method. As shown in Figure S7a, b, the current response is the
highest at 250 pM DA, while there are almost no amperometric re-
sponses to other species, despite their concentrations are two times
higher than that of DA. The results demonstrated an excellent selectivity
ability of the N—C@SnO,/GCE electrode toward the DA. Aside from the
selectivity, the stability of the electrochemical sensor is another
important index for evaluating the performance of electrochemical
sensing [61]. As presented in Figure S7¢, d, no apparent changes can be
seen in the peak current densities after 5 consecutive cycles, which re-
veals the excellent cyclic stability of the N—C@SnO5/GCE for detecting
DA. The above results may be due to the excellent stability of the bi-
layered hollow hybrid and the synergistic effect between the in-
terfaces. These results indicate that the N—C@SnO,/GCE electrode
holds a satisfactory application in DA detection.

3.3. Mechanism analysis of N—C@SnOz HNMs

The DFT calculations were performed to reveal the improved
mechanism of electrochemical properties of the N—C@SnO;-based
sensor, which could be related to the interfacial Sn-C bond between the
hybrid phases of the SnO; and N—C layer promote the rapid transfer of
electrons through the heterointerface. The above XPS spectrum of Sn 3d
and C 1s in N—C@SnO; (Fig. 3a) has proved the existence of Sn-C bond
in the composite materials. Therefore, in this work, the models of
complex structures of SnO, and N—C were taken into account, wherein
the Sn-C bond was caused by the unsaturated state of the surface Sn
atoms generated from the oxygen vacancies, as shown in Fig. 3b. It is
worth pointing out that both pyrrole nitrogen and pyridine nitrogen
were introduced into the N—C material, promoting the formation of the
Sn-C bond [27]. As a result, the terminated Sn atom of the unsaturated
state will tend to form the distorted chemical bond with the defect C
atom in the carbon surface, which was caused by the N atom in the N—C
shells [28].

Accordingly, the top and side views of the hybrid structure
(N—C@SnO3) were illustrated in Fig. 5a with the Sn-C bond in the
interface. As shown in Fig. 5b, the electron transfer mechanism can be
revealed by the three-dimension charge density difference. The exis-
tence of the interfacial chemical bond could act as the contributor to
interfacial interaction and allow the rapid transportation of electrons
between the N—C shell and SnO; shells to improve the property of
electrochemical detection [29]. Thus, on the one hand, the electron
transfer occurs between the N—C and SnO, shells in the interfacial
layered structure; on the other hand, the generated C shells can play as a
good conductor for charge transfer. It must be proposed that the pre-
pared catalyst presents a hollow structure and porous carbon layer, thus
increasing both the conductivity for electron communication and the
electrochemical active surface area of the catalysts [62]. These findings
can be helpful in explaining the enhanced electrochemical
performances.

Based on the above experiments and theoretical calculation results, it
is reasonable to imagine that the electrochemical processes were as
follows. On one hand, the DA molecules were adsorbed on the electrode
material due to the large surface area of the carbon and SnO; layers. The
nonstoichiometric oxygen of the SnO, surface is an essential tool for the
adsorption process. On the other hand, the catalytic processes occurred
on the surface and heterojunction, and the sn-C bond between the hybrid
phases of SnO2 and N—C layers is essential for this process. The rapid
electron transfer could boost the electrochemical catalytic process, thus
fundamentally promote current peak and lesser potential during the
detection of DA.
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(a) © Sn oC

Fig. 5. (a) Geometrically optimized model of N—C@SnO,, structure with strong
sn-C bond. (b) Charge density difference for the N—C@SnO, model, the yellow
and blue clouds represent the charge dissipation and charge accumulation,
respectively.

3.4. Electrochemical detection of DA with the sensor

With improved living standards, electrochemical sensors, which
could achieve in-situ detection and real-time feedback, are needed to
provide more convenience for people [63]. To this end, we used the
artificial sweat which contains the same amount of DA as the real sweat
to simulate the portable detection of DA through assembling the
N—C@SnO;, electrode materials with the portable microsensor.

To prove the advantages of N—C@SnO; as a promising candidate
material to realize the portable detection of DA, we coated our materials
on a chip that has integrated three electrodes and is connected to an
electrochemical workstation (Fig. 6a, b). As shown in Fig. 6¢, the CV
method was used to test sensitivity ability by dropping artificial sweat
with the addition of DA on the chip. The result showed that there was a
prominent oxidation peak of the N—C@SnOy/gold electrode, and the
well-linear relationships have been obtained between the curves of
current responses and DA concentration in the detection ranges of 20 pM
to 1.4 mM, as shown in Fig. 6d, which demonstrates a regression
equation of I, (pA) = 0.0611x + 1.456 with R? = 0.981.

In addition, the N—C@SnO3, sensor was capable of detecting DA in
artificial sweat with the addition of the interfering compounds in bio-
logical systems to simulate the bio-complex sample. As shown in Fig. 6e,
there was an apparent current peak of DA while no current peak of the
other compound, even with the twice concentration than that of DA.
Moreover, in Fig. 6f, the sensor was used consecutively for 5 times
without significant current change, suggesting good cycle stability.
Hence, the outdoor or in situ detection can be realized based on such
kind of electrochemical sensor [64,65].

4. Conclusions

In summary, the high-performance N—C@SnO, HNMs hybrid ma-
terials were synthesized guided by the introduction of interfacial sn-C
bond with synergistic effect, and the obtained material delivered supe-
rior performances as electrode materials in the detection of DA, such as
LOD of 41.5 nM, wider linear detection range from 0.5 to 90 pM and
remarkable selectivity towards DA. The reason could be attributed to the
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Fig. 6. (a) The MEC-VS1 Electrochemical Workstation at work; (b) The FR-4 Printed three-electrodes. (c¢) CV curves DA (20 pM to 1.4 mM) at N—C@SnO,/gold in

artificial sweat at 50 mV s~!

, and (d) the corresponding linear plots of oxidation current peak currents vs DA concentration for N—C@SnO,/gold. (e) Selectivity of

N—C@SnO,/gold toward DA and (f) CV responses of the cyclic stability of N—C@SnO,/gold in 1 mM DA at 5 cycles.

combination of the hollow SnO; and N—C components, which can
improve the conductivity of the material, and the chemical bond facil-
itates the fast charge transfer. And then, DFT calculations demonstrated
that the presence of the sn-C bond could cause charge redistribution and
served as a medium for charge transfer to promote the conductivity of
the N—C@SnO,, leading to improved electrochemical performances
than pure SnO; HNMs. Moreover, a portable microsensor based on the
obtained N—C@SnO, HNMs material has been applied to the in situ
electrochemical detection of DA in artificial sweat, and the satisfactory
results such as wide detection range, favorable DA selectivity, and stable
circularity illustrated it a promising candidate for the biosensor. In brief,
this work not only provided a simple synthesis strategy of the hybrid
structure with interfacial synergistic chemical bond but also offered
insight into the design of microsensor devices.
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