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ARTICLE INFO ABSTRACT

In this work, Ni(OH), nanocages@MnO, nanosheets core-shell architecture (Ni(OH), NCs@MnO, NSs CSA) was
successfully prepared through coordinated etching and precipitation (CEP) route followed by hydrothermal
reaction, and then tested as sensitive electrode material for detection of dopamine (DA). The three dimensional
(3D) hollow Ni(OH), core effectively prevented the aggregation of MnO, NSs, leading to high utilization rate of
MnO, NSs. Meanwhile, the two dimensional (2D) MnO, shell endowed Ni(OH), NCs with larger specific area and
abundant diffusion channels, facilitating mass transport. Ni(OH), NCs@MnO, NSs CSA modified glassy carbon
electrode (GCE) exhibited two satisfying sensitivities of 467.1 and 1249.9 pA mM ! em ™2 within the two linear
ranges of 0.02-16.30 uM and 18.30-118.58 uM, respectively. Furthermore, Ni(OH), NCs@MnO, NSs CSA/GCE
presented low detection limit of 1.75nM and short response time of 1.14s. Overall, Ni(OH), NCs@MnO, NSs/
GCE looks promising for analytical sensing of DA thanks to its prominent electrocatalytic dynamic issued from
the 3D hollow structure@2D nanosheets core-shell architecture.

Keywords:

Ni(OH), nanocages@MnO, nanosheets
Core-shell architecture

Coordinated etching and precipitation
Dopamine detection

Electrochemical sensing

1. Introduction

Dopamine (DA) is a neurotransmitter with important functions in
behavioral response and release of hormones. Some diseases, such as
Parkinson, Schizophrenia and Huntington are closely related to DA le-
vels (Kim et al., 2010). Therefore, accurate monitoring of DA con-
centrations is of great importance for human health and disease pre-
vention. Due to the ultralow concentration (B.B. Yang et al., 2015a),
sensors with high sensitivities and low detection limits are necessary for
the accurate determination of DA. Electrochemical-based routes have
attracted increasing attention due to simple operation, low cost, and
high sensitivity (Yang et al., 2019). Since the performance of electro-
chemical sensors depends on properties of the working electrodes, the
sensitive detection of DA can be achieved through rational design of
electrocatalysts.

Transition metal oxides/hydroxides (TMOs/TMHs) have attracted
lots of attention in electrocatalysis due to their low cost, high redox
activity and excellent cycling stability (Liu et al., 2012). Inspired by
kinetics, electrocatalytic activities of TMOs/TMHs closely correlate

with the microstructure, such as morphology, surface area, and por-
osity. Hence, substantial efforts have been devoted to the design of
TMOs/TMHs electrodes with improved microstructures (Long et al.,
2018; Zhang et al., 2018). Thereinto, integration of materials with
different dimensions is effective to construct TMOs/TMHs electrodes
with high electrocatalytic activities. For example, MoS, nanosheets-
coated CoS, nanowires have been synthesized to obtain high-perfor-
mance towards hydrogen evolution reaction (Huang et al., 2015). Yang
et al. synthesized Ni(OH), nanoflakes modified polypyrrole nanowires
with improved characteristics towards glucose detection (J. Yang et al.,
2015b). These integrated nanoelectrocatalysts combined the ad-
vantages of different dimensional materials and overcame the structural
shortcomings of each component thanks to synergetic effects.

Two dimensional (2D) nanosheets have unique physicochemical
properties issued from high structural and morphologic anisotropies
(Islam et al., 2018). The structural characteristics could create large
specific surface areas, more exposing catalytic active sites and short
transfer distances for both ions and electrons. However, 2D nanosheets
are prone to agglomeration due to large contact areas between each
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other, leading to low utilization of electrocatalyst. Direct deposition of
2D nanosheets on special scaffolds is effective to overcome such pro-
blems. Three dimensional (3D) hollow structures with large internal
and external specific areas would provide numerous active sites and
sufficient contact areas between the electrode and electrolyte. More-
over, ultrathin shell is beneficial for confined electron transfer, re-
sulting in fast electron transfer rate. Thus, immobilization of 2D na-
nosheets on 3D hollow scaffold would effectively prevent aggregation
of 2D nanosheets to make full use of the 2D materials (Li et al., 2017;
Xia et al., 2016). Simultaneously, 2D shells endow 3D core with large
specific areas and abundant diffusion channels, leading to improved
mass transport dynamics. The unique 3D hollow core@2D shell struc-
tures have been reported in the field of electrochemistry. However, to
the best of our knowledge, no studies of the unique structure were re-
ported in electrochemical sensor so far. Most of the reported articles
commonly employ hollow carbon scaffolds for 2D shell, such as carbon
nanocages@MoS, nanosheets for lithium battery (Yu et al., 2015),
MoS, nanosheets on hollow carbon spheres for supercapacitors (Liu
et al., 2018) and hollow carbon spheres supported NiFe hydroxides
nanosheets for oxygen evolution reaction (Ni et al., 2017). Although 3D
hollow carbon scaffolds prevent the aggregation and make full use of
the 2D shell, the electrocatalytic activity of general carbon materials
towards DA is insufficient and limits the further promotion of the
sensor. The substitution of high-active 3D hollow TMHs/TMOs for
hollow carbon scaffolds not only utilizes the structural advantages of
the unique structure, but also acquires higher electrocatalytic activity.

In this work, 3D Ni(OH), nanocages were employed as a scaffold for
2D MnO; nanosheets for the first time to improve the electrocatalytic
activities. Ni(OH), nanocages@MnO, nanosheets core-shell archi-
tecture (Ni(OH), NCs@MnO, NSs CSA) was synthesized by combining
coordinated etching and precipitation (CEP) route with the hydro-
thermal reaction. MnO, shell composed of nanosheets was vertically
grown on 3D cubic Ni(OH);NCs to yield hollow hierarchical archi-
tectures. The integrated Ni(OH), NCs@MnO, NSs CSA combined the
structural and functional advantages of both Ni(OH), NCs and MnO,
NSs. The synergetic effect yielded Ni(OH), NCs@MnO, NSs CSA mod-
ified glassy carbon electrode (GCE) with high sensitivity towards DA
combined with low detection limit, acceptable reproducibility, and
reasonable selectivity.

2. Experimental
2.1. Reagents

CuC12'2H20, N1C126H20, N328203~5H20, KMIIO4, pOly-
vinylpyrrolidone (PVP, M,, = 40000) and NaOH were purchased from
Chengdu Kelong Chemical Reagent Corporation. Glucose (Glu.), DA,
lactose (Lact.), sucrose (Sucr.), fructose (Fruc.), L-ascorbic acid (AA),
uric acid (UA) and Nafion solution (5 wt% in mixture of lower aliphatic
alcohols and water) were all from Sigma-Aldrich.

2.2. Synthesis of Ni(OH), NCs

The cubic Cu,O templates were synthesized according to our pre-
vious work (Tian et al., 2014), and Ni(OH),NCs were subsequently
prepared through S,052 involved CEP route. Briefly, 400 mg Cu,O and
140 mg NiCl, powders were poured into a 1000 mL beaker containing
400 mL water and alcohol at volume ratio of 1:1. After short ultrasonic
treatment, 13.2mg PVP was added to the mixture under stirring for
30 min. Then, 160 mL Na,S,03 (1 M) was added dropwise and the re-
action last 3hat room temperature. The products were collected by
centrifugation and dried in vacuum at 60 °C for 12 h.

2.3. Synthesis of Ni(OH), NCs@MnO, NSs CSA

Ni(OH); NCs@MnO, NSs CSA was formed by hydrothermal
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reaction. Typically, 30 mg of Ni(OH), NCs were dispersed in 30 mL
KMnO, (0.02 M). After stirring for 30 min, the suspension was poured
into a 50 mL stainless steel autoclave and maintained at 140 °C for 4, 8,
and 12h, respectively. The products were then washed and dried in
vacuum at 60 °C for 12h MnO, NSs were also obtained through hy-
drothermal reaction for 12 h without addition of Ni(OH), NCs (see SEM
image in Fig. S1).

2.4. Characterization

The crystal structures of the products were characterized by X-ray
diffraction (XRD, Rigaku D/Max-2400) using Cu Ka radiation (40 kV,
60mA). The compositions were analyzed by X-ray photoelectron
spectroscopy (XPS, ESCALAB250Xi) with C 1s peak (284.8eV) as in-
ternal standard. The morphologies were observed via field emission
scanning electron microscopy (FESEM, SU8020) and high-resolution
transmission electron microscopy (HRTEM, FEI F20) equipped with
energy dispersive X-ray spectroscopy (EDX). The Brunauer-Emmett-
Teller (BET, Belsort-max) method was utilized to measure the specific
surface areas and pore structures.

2.5. Electrochemical measurements

All the electrochemical measurements were carried out in 0.1 M
phosphate buffer solution (PBS, pH 7.0) on a plll Autolab electro-
chemical workstation. The modified GCEs (& = 3mm) were used as
working electrode, Ag/AgCl (saturated KCl) as reference, and Pt disk
(® = 2mm) as counter electrode. The working electrodes were pre-
pared by first polishing the GCEs by alumina slurry followed by ultra-
sonic cleaning in diluted HNO3, water, and ethanol. Afterward, 5 mg of
each active materials were dispersed in mixed 0.9 mL water and 0.1 mL
Nafion solution. Then, 5 pL of the suspension was dropped onto pre-
treated GCE and left to dry at room temperature to yield Ni(OH), NCs@
MnO, NSs CSA/GCE, Ni(OH), NCs/GCE and MnO, NSs/GCE, respec-
tively.

3. Results and discussion
3.1. Characterization

A schematic illustration of the synthetic process of Ni(OH), NCs@
MnO, NSs CSA is displayed in Fig. 1a. In stage I, Ni>* ions were con-
centrated on Cu,O templates with the assistance of ultrasonic. The in-
troduction of $,03% ions led to coordinated etching of Cu,O and for-
mation of soluble [Cuy(S;05*)x]®>~2* ions (Eq. (1)) due to soft
interaction between Cu* and S,05% (Nai et al., 2013). Simultaneously,
the combination of adsorbed Ni** and OH' released from coordinated
etching and partial hydrolyzation of $,05% (Eq. (2)) formed Ni(OH),
shell around Cu,O templates (Eq. (3)). The mass transport played a
critical role in the reaction process (Fig. 1b). The diffusion of $,05%
from external to internal cavity represented the etching rate of Cu,O,
and transport of OH ™ from interior to exterior was closely related to the
generation of Ni(OH), shell. The coordinated etching rate of Cu,O
templates and synchronous control of the precipitation rate of Ni(OH),
shell led to formation of well-defined Ni(OH), NCs (stage II). Finally, Ni
(OH), NCs@MnO, NSs CSA was constructed through the wrapping of
MnO, NSs by hydrothermal method (Eq. (4), stage III). Fig. 1c displays
the TEM images of the products obtained at different stages. The ob-
served formation process agreed well with above deduced mechanism.
Fig. S2 provides SEM details of formation process of MnO, NSs. Ob-
viously, MnO, nanoparticles issued from decomposition of KMnO,4
firstly aggregated onto Ni(OH), NCs and then gradually grew to form
MIIOz NSs.

Cu, O + 520327 + H,0 - [Cu2(52032’)x]2’2" + 20H~ (@D)]
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Fig. 1. (a) Schematic illustration of the synthetic process for Ni(OH), NCs@MnO, NSs CSA; (b) The mass transport dynamic for CEP route; (¢) TEM images of the
samples obtained at different stages.

52032_ + Hzo g HSzo_ + OH~ (2)
Ni2* + 20H- — Ni (OH), 3)
KMnO4 - Mn02 + 02 (4)

The XRD pattern of Ni(OH), NCs@MnO, NSs CSA is shown in
Fig. 2a. The peak located at 38.7° can be indexed to typical hexagonal
Ni(OH), (PDF#14-0117). The characteristic peaks at 36.8° and 65.7°
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were assigned to the (006) and (119) planes of birnessite-type MnO,
(PDF#18-0802). The detailed information on chemical compositions
and electronic states was also investigated by XPS. Compared to Ni
(OH), NCs (Fig. S3), K and Mn were also visible in the survey spectrum,
which was consistent with the EDS data (Fig. S4). For Ni 2p (Fig. 2b),
two major peaks located at 854.76 eV and 857.39 eV with spin-energy
separation of 17.68 eV were noticed and assigned to Ni 2p3,, and Ni
2p1 /2, respectively (Niu et al., 2015). The other two extra peaks were
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Fig. 2. (a) XRD pattern of Ni(OH), NCs@MnO, NSs CSA; High-resolution XPS spectra for (b) Ni 2p, (c) Mn 2p and (d) O 1s.
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identified as satellite peaks of Ni 2p3,5 and Ni 2p; o, further confirming
existence of Ni** in the products. In Mn 2p spectrum (Fig. 2c), two
major peaks at 642.37 eV and 654.19 eV were obtained and indexed to
Mn 2P3,5 and Mn 2P, ,, in Mn** levels, respectively (Huang et al.,
2017). Besides, two different states of O; and O, were observed in the O
1s spectrum (Fig. 2d). Compared to O 1s spectrum of Ni(OH), NCs
(inset in Fig. 2d), the O; peak at 531.32 eV could be attributed to the
hydroxyl groups in Ni(OH),. The O, peak at 529.88 eV might be as-
signed to oxygen atoms in MnO, (Li et al., 2018). In sum, XRD and XPS
data both confirmed the successful preparation of Ni(OH),/MnO,
composite.

As shown in Fig. S5, the Cu,O templates displayed cubic mor-
phology with average edge length around 500 nm. After CEP process, Ni
(OH), NCs still retained the cubic features (Fig. S6a). In inset of Fig.
Sé6a, the broken cube displayed hollow interior structure, confirming
the formation of cage-like architecture. Moreover, Ni(OH), NCs de-
picted nearly the same edge length as Cu,O templates (Fig. S6b). Ni
(OH), NCs illustrated tiny particles with rough porous surface (Fig.
S6¢), providing enough sites for further growth of MnO, NSs. In addi-
tion, Ni(OH), NCs retained its cubic characteristics after the hydro-
thermal reaction (Fig. S6d). However, the nanocages surfaces became
apparently rougher. Careful analysis showed MnO, layers vertically
grown on Ni(OH), NCs to form hollow core-shell structures (Fig. S6e).
On the other hand, the reticular MnO, layer was composed of randomly
assembled MnO, NSs (Fig. S6f). The hollow Ni(OH), core provided
enough external and internal surface area to promote effective ad-
sorption of analytes. The 2D porous shell not only provided sufficient
diffusion channels for the analytes but also improved the electron col-
lection and transfer rate.

In Fig. 3a, the TEM image revealed Ni(OH), NCs with well-defined
cage-like morphologies. After the hydrothermal process, layered MnO,
NSs were deposited on Ni(OH), NCs without noteworthy interlayer gaps
(Fig. 3b). The thicknesses of MnO, layer and Ni(OH), NC were de-
termined as 25 and 60 nm, respectively (Fig. 3c). The selected area
electron diffraction (SAED) pattern revealed polycrystalline feature of
MnO, NSs (inset of Fig. 3c). The lattice fringes of 0.24 nm, 0.17 nm and
0.14 nm were consistent with (006), (301) and (119) crystal planes of
birnessite-type MnO, (PDF#18-0802) (Fig. 3d). The element distribu-
tions of Ni(OH), NCs@MnO, NSs CSA were measured by Mapping and
line scan EDX. In Fig. 3e, the signals of O, Mn and Ni elements were
strong on the edge and weak in the center, confirming the characteristic
of hollow structures (Wang et al., 2018). The line-scan data also con-
firmed concentrated near-surface distributions of Mn, Ni and O
(Fig. 3f), which agreed well with the analysis of mapping. Overall, XRD,
SEM and TEM data demonstrated the successful design of Ni
(OH), NCs@MnO, NSs CSA.

The surface area and porosity of each specimen were measured by
BET method. The hysteresis loop of Ni(OH), NCs@MnO, NSs CSA in
Fig. 3g belonged to H4 type as typical characteristic of multi-layer
structure (Zou et al., 2018). The surface area of Ni(OH), NCs@MnO,
NSs CSA was estimated to 50 m? g~ !, hence much larger than those of
Ni(OH), NCs (22.1 m? g~ *, Fig. 3h) and MnO, NSs (32m? g™~ %, Fig. 3i).
The mean pore size of Ni(OH), NCs@MnO, NSs CSA was around
5.7nm, and served as suitable channels for efficient mass transport.
Moreover, the pore volumes of Ni(OH), NCs@MnO, NSs CSA, Ni
(OH), NCs and MnO, NSs were recorded as 0.06, 0.03 and
0.031 cm®g ™", respectively. The large surface area, significant pore
volume and suitable channels would benefit the electrocatalytic ac-
tivity.

3.2. Electrochemical performance of Ni(OH), NCs@MnO, NSs CSA/GCE

The electrochemical performances of Ni(OH), NCs@MnO, NSs
CSA/GCE were evaluated by cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS), and chronoamperometry (CA). In ab-
sence of DA, no peaks were observed in the CV curve (Fig. 4a). By
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comparison, obvious redox peaks were noticed in presence of 50 uM
DA. For Ni(OH), NCs/GCE (Fig. S7a) and MnO, NSs/GCE (Fig. S7b), the
anodic currents increased after addition of DA but the intensities were
lower than that of Ni(OH), NCs@MnO, NSs CSA/GCE, indicating lower
electrocatalytic activities. The electrocatalytic mechanism of DA is
provided in Fig. 4b. The metal components in Ni(OH), NCs@MnO, NSs
CSA would provide electron mediators of Ni** and Mn**, which then
will take away electrons from the adsorbed DA molecules to yield Ni**
and Mn?". Simultaneously, DA molecules were oxidized to DA quinone
(Salamon et al., 2015).

CV profiles of Ni(OH), NCs@MnO, NSs CSA/GCE were recorded at
different scan rates in Fig. 4c. As shown in the inset, both the anodic
and cathodic peak currents linearly increased with square root of scan
rate, revealing typical diffusion-controlled electrocatalytic processes
(Mei et al., 2018). Additionally, the positive/negative shifts in anodic/
cathodic peak potentials linearly depended on the logarithm of scan
rate (Fig. 4d), indicating quasi-reversible electrocatalytic processes
(Sun et al., 2013). Hence, the electron transfer number and coefficient
can be calculated by the Laviron's equations (Laviron, 1979):

RT

— v
Epa =E" + 2.3((1 — oc)nF)lgv )

o RT
Bpe=5" - 2‘3(anF)lg" ®)
where n is number of electrons transferred, a is electron transfer coef-
ficient, v is the scan rate, and E* is the formal potential. F, R and T have
their traditional meanings. In.

Fig. 4d, the regression equations could be expressed as follow:
E,q = 0.2495 + 0.084571gv (R? = 0.992) and E,. = 0.3095-0.061861gv
(R? = 0.994). The values of n and a were calculated as 1.676 and 0.576,
respectively, revealing fast two electrons transfer electrocatalytic pro-
cesses.

The Nyquist plots of Ni(OH); NCs@MnO, NSs CSA/GCE, Ni
(OH), NCs/GCE and MnO, NSs/GCE electrodes are gathered in Fig. 4e.
As depicted in inset I, the equivalent circuit was fitted by electron
transfer resistance (R.), solution resistance (R;), and Warburg re-
sistance (Zy) (Tian et al., 2019). As shown in Table S1, Ni(OH), NCs@
MnO, NSs CSA/GCE presented smaller R, (0.139kQ) than Ni
(OH), NCs/GCE (1.56kQ) and MnO, NSs/GCE (2.05kQ). The low
electron transfer resistance can be ascribed to the high electron col-
lection efficiency and elevated electron transfer rate provided by the
unique structure. In Inset II, Ni(OH), NCs@MnO, NSs CSA/GCE ex-
hibited lower Rs (0.105k<) than Ni(OH), NCs/GCE (0.163kQ) and
MnO,, NSs/GCE (0.147 kQ). In addition, Ni(OH), NCs@MnO, NSs CSA/
GCE depicted larger Zw than Ni(OH), NCs/GCE and MnO, NSs/GCE,
revealing lower ion diffusion resistance. The lower ion diffusion re-
sistance might be attributed to the 3D porous feature of Ni(OH), scaf-
fold and ample diffusion channels constructed by MnO, NSs (Fig. 4f). In
sum, Ni(OH), NCs@MnO, NSs CSA/GCE exhibited better mass trans-
port and electron transfer dynamic advantages, leading to excellent
electrocatalytic activity.

The i-t curves of Ni(OH), NCs@MnO, NSs CSA/GCE, Ni(OH), NCs/
GCE and MnO, NSs/GCE at 0.35V with and without 0.1 mM DA are
depicted in Fig. S8a, S8b and S8c, respectively. The relationship be-
tween I and t~'/? for Ni(OH), NCs@MnO, NSs CSA/GCE is sum-
marized in Fig. S8d. Accordingly, the diffusion coefficient (D) of DA can
be calculated by the Cottrell's equation (Yin et al., 2018):

Tact = nFADY2COx~1/2t-1/2 @)

where I, is the current in 0.1 mM DA, n represents the number of
electrons transferred, F is the Faraday constant, A is the electrode area,
Cy is the substrate concentration, D is the diffusion coefficient, and t
expresses the elapsed time. The value of D for Ni(OH); NCs@MnO, NSs
CSA/GCE was estimated to 2.43 x 10~ °cm?s ™!, which is much larger
than Ni(OH), NCs (1.21 x 10 ®cm?s™ %, Fig. S8e) and MnO, NSs/GCE
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Fig. 3. TEM images of (a) Ni(OH), NCs and (b, ¢) Ni(OH), NCs@MnO, NSs CSA; Insert of Fig. 3c is the SAED pattern of MnO, NSs; (d) HRTEM image of MnO, NSs;
(e) The element mapping and (f) line-scan EDX profile of Ni(OH), NCs@MnO, NSs CSA; N, adsorption-desorption isotherms of (g) Ni(OH), NCs@MnO, NSs CSA, (h)
Ni(OH), NCs and (i) MnO, NSs. Insets are the corresponding pore size distributions.

(2.44 x 10" °cm?s™ !, Fig. S8f). The elevated value of D could be at-
tributed to the 3D porous architecture and ordered channels formed by
MnO, NSs. The catalytic rate constant (K.,) was also calculated ac-
cording to Eq. (8):

Tact/IL = (mkcatCOt)Y/2 8)

where I, and I are the current in 0.1 mM and 0 mM DA, respectively,
and K, is the catalytic rate constant. The k., value for Ni(OH), NCs@
MnO, NSs CSA/GCE was calculated as 1.7 x 10°M~*s™! (Fig. S8g),
which was larger than Ni(OH), NCs/GCE (0.25 x 10°M~'s™!, Fig.
$8h) and MnO, NSs/GCE (0.41 x 103M~'s™?, Fig. $8i). The elevated
values of D and K., would lead to higher electrocatalytic activities.

3.3. Activity of Ni(OH), NCs@MnO, NSs CSA towards detection of DA

To determine the optimal working potential, the i-t curves of Ni
(OH), NCs@MnO, NSs CSA/GCE were recorded at different potentials
and the data are gathered in Fig. S9. Ni(OH), NCs@MnO, NSs CSA/GCE
showed higher response current at 0.35V, which was selected as the
optimal working potential. To evaluate the electrocatalytic activities,
the i-t curves of Ni(OH); NCs@MnO, NSs CSA/GCE, Ni(OH), NCs/GCE

and MnO, NSs/GCE at 0.35V were recorded and the results are pre-
sented in Figs. S10a—c. Two linear ranges were clearly observed for all
working electrodes (Fig. 5a). At low concentration, the electrocatalytic
process was dominated by DA diffusion. The ultralow DA concentration
caused insufficient utilization of active materials, especially the inner
space, resulting in lower sensitivity. The active materials were thor-
oughly infiltrated at high DA concentration, leading to higher sensi-
tivity (Fariba et al., 2017; Anees and Rajdip, 2014). The sensitivities,
theoretically calculated detection limit, linear ranges and response time
of all three electrodes are summarized in Table S2. The sensitivities of
Ni(OH), NCs@MnO, NSs CSA/GCE in low concentration range
(0.02puM to 16.3uM) and high concentration range (18.3uM to
118.58 uM) were recorded as 467.1 and 1249.9 yAmM~! cm ™2, re-
spectively. Obviously, the sensitivities of Ni(OH), NCs@MnO, NSs
CSA/GCE in both linear ranges were higher than those of Ni(OH), NCs/
GCE (399.2 and 665.3pAmM ! cm™) and MnO, NSs/GCE (43.9 and
4981 pAmM™! ecm~2). The higher electrocatalytic activity of Ni
(OH),@MnO, CSA/GCE can be attributed to the synergistic effect be-
tween Ni(OH), NCs and MnO, NSs. (1) Larger specific surface area was
obtained through the coupling of Ni(OH), NCs and MnO, NSs, which
can be confirmed by the BET analysis; (2) Ni(OH), NCs prevented the
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Fig. 4. (a) CVs of Ni(OH), NCs@MnO, NSs CSA/GCE with and without 50 uM DA at 50 mV/s; (b) Schematic illustration of DA redox reaction on Ni(OH); NCs@MnO,
NSs CSA/GCE; (c) CVs of Ni(OH), NCs@MnO, NSs CSA/GCE at different scan rates in 50 uM DA; Insert is the relationship between peak current and square root of
scan rates; (d) Peak potentials versus 1gv; (e) Nyquist plots of Ni(OH), NCs@MnO, NSs CSA/GCE, Ni(OH), NCs/GCE and MnO, NSs/GCE; (f) The illustration of

dynamic advantages for Ni(OH), NCs@MnO, NSs CSA.
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aggregation of MnO, NSs and made full use of the MnO, layer. The thin
shell of Ni(OH), NCs enhanced the transfer rate of catalytic electrons
collected by MnO, layer; (3) MnO, NSs endowed Ni(OH), NCs with
amounts of diffusion channels and accelerated the transport of DA. This
point was proved by above EIS analysis and D value calculation.

Furthermore, Ni(OH); NCs@MnO, NSs CSA/GCE presented much
lower detection limit (1.75nM, signal/noise = 3) than Ni(OH), NCs/
GCE (10.2nM) and MnO, NSs/GCE (30.8 nM). Notably, Ni(OH), NCs
showed relatively higher sensitivity but longer response time, whereas
MnO, NSs exhibited moderate sensitivity but shorter response time
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Table 1
The detection of DA in DAI (n = 3).
Samples Added(uM) Founded(uM) Recovery(%) RSD (%)
1 5 4.87 97.4 1.3
2 10 9.56 95.6 2.2
3 50 46.02 92.0 4.1
4 100 101.74 101.7 0.9

(Table S2 and Figs. S11a-d). Hence, Ni(OH), NCs mainly contributed to
sensitivity but MnO, NSs was involved in response time. The perfor-
mances of Ni(OH), NCs@MnO, NSs CSA/GCE towards DA were com-
pared with reported literatures shown in Table S3. Dramatically, Ni
(OH), NCs@MnO, NSs CSA/GCE presented lower detection limit than
reported MnO, nanowires/chitosan-modified gold electrode (40 nM), f3-
MnO,, nanorice (8.2 nM), Nafion/Ni(OH),/MWNTs/GCE (110 nM) and
Au/m-Ni(OH),/GCE (320nM), revealing that better electrochemical
performance can be achieved through the coupling of Ni(OH), NCs and
MnO, NSs. In addition, Ni(OH), NCs@MnO, NSs CSA/GCE displayed
higher sensitivity than carbon-supported GO-MWCNT/MnO,/AuNP/
GCE (237pApM~' cm™32), demonstrating that the high-active Ni
(OH), NCs was superior as scaffold for MnO, compared to traditional
carbon. Furthermore, Ni(OH), NCs@MnO, NSs CSA/GCE displayed
better electrochemical performance than other reports in terms of high
sensitivity and low detection limit as shown in Table S3.

3.4. Selectivity, reproducibility, repeatability and stability

The selectivity of Ni(OH), NCs@MnO, NSs CSA/GCE was tested by
adding interfering species during i-t measurements (Fig. 5b) and only
(4. 670.3)% interference current was observed for AA, indicating high
selectivity. Moreover, the response current for the second addition of
DA still retained 88% of its first injection. The attenuation in response
current would be ascribed to the adsorption of trace interfering species
or intermediate products on the electrode. To test the reproducibility,
five Ni(OH), NCs@MnO, NSs CSA/GCEs were prepared and their cur-
rent responses towards 50 UM DA are recorded in Fig. 5c. The relative
standard deviation (RSD) was determined as 2.8%, showing good re-
producibility. The current responses of Ni(OH), NCs@MnO, NSs CSA/
GCE towards 25 pM DA were measured for 10 times (Fig. S12). The RSD
was calculated as 1.1%, indicating outstanding repeatability. In terms
of long-term stability, current responses towards 50 uM DA were re-
corded every two days for one month and the results are gathered in
Fig. 5d. The last recorded response current still retained 82% of the
initial value. In addition, the electrocatalyst still retained the unique
core-shell architecture after 30 days (inset of Fig. 5d), suggesting re-
markable stability.

3.5. Real sample detection

For practical applications, Ni(OH), NCs@MnO, NSs CSA/GCE was
used to detect DA in dopamine hydrochloride injection purchased from
a local hospital. The tests were carried out according to the reported
literature (Zou et al., 2018). The measured recovery was between 92%
and 101.7% (Table 1). Furthermore, the RSD values were less than
4.1%, suggesting the promising application potential in enzyme-free DA
electrochemical sensors.

4. Conclusions

In this work, 3D Ni(OH), NCs@2D MnO, NSs core-shell structure
was successfully prepared through CEP route followed by hydrothermal
reaction. As a sensing electrode for DA, Ni(OH), NCs@MnO, NSs CSA/
GCE exhibited satisfactory sensitivities of 467.1 p)AmM~! cm 2 within
the range of 0.02uM-16.3uM and 1249.9pyAmM~ ! cm™2 within
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18.3 uM-118.58 uM. An ultralow detection limit of 1.75nM made this
electrode attractive in electrochemical DA sensors. No more than
(4. 670.3)% disturbing current was investigated in the presence of in-
terfering species. The calculated D and K., for Ni(OH), NCs@MnO, NSs
CSA were 2.43 x 10 ®cm?s™! and 1.7 x 103 M~ 's™?, respectively.
These remarkable electrocatalytic performances can be attributed to the
highly porous structure, effective mass transport, and synergetic effect
between Ni(OH), NCs and MnO, NSs. Although better performance is
achieved, electrode poisoning caused by the difficulties in desorption of
intermediates still exists, resulting in relative narrower linear range. In
the future research, interface modification can be introduced to make
the active sites easier to regenerate and expand the working scope of
the sensor.
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