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Abstract

A hollow urchin-like «-MnO, material has been synthesized by a hydrothermal method starting from MnSO4H,O and
(NH4),S,0%, and by using silver(I) as the catalyst. It has a hollow morphology with diameters of 5—6 pum and consists of densely
aligned nanowires, with a 3040 nm width and a 1.5 pm length. The diameter of the cavities and the thickness of the shell are
about 1.2 um and 300 nm, respectively. The material was placed on a glassy carbon electrode (GCE), and electrochemical
experiments showed the respective sensor to possess good stability and reproducibility. The modified GCE displays response to
both hydrogen peroxide (H,0,) and dopamine (DA) at working potentials of —=0.40 Vand +0.4 V, respectively (both versus SCE).
H,O, can be detected with an 80 nM detection limit, and DA with a 12 nM detection limit (at S/N = 3).

Keywords 3D hollow structure - Urchin-like «-MnQO, - Hydrothermal synthesis - Electrocatalysis - H,O, - Catalytic mechanism

Introduction

Hydrogen peroxide (H,0,) plays an important role in biology
[1]. Dopamine (DA) is a hormone and neurotransmitter.
It plays an important role in central nervous system, hormonal
system and several physiological functions [2, 3]. The abnor-
mal levels of the two components may result in disorders of
neurology including schizophrenia and Parkinson’s disease
[4-8]. Therefore, the accurate detection of H,O, and DA are
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extremely important. With respect of all the reported detection
techniques, electrochemistry method has received great atten-
tion due to its superior selectivity, ideal sensitivity and low
expensive. However, conventionally used sensors focused on
biomacromolecule including enzymes and proteins present
series of shortcomings such as complex construction proce-
dures, weak stability and shorter lifetime. Thus, the non-
enzyme electrochemical sensors, based on transition metal
oxides nanomaterials, come into being [9].

Manganese dioxide (MnQO,), a typical transition metal ox-
ide, has become an interesting and well-studied material in
many fields because of the novel chemical and physical prop-
erties as a result of its excellent structural flexibility [10].
Based on various linkage means of basic [MnQOg] octahedral
units, MnO, possess different types of polymorphs, such as «,
3, v and &. Among them, x-MnO, shows ideal catalytic ac-
tivities, due to the occurrence of edge-sharing MnOg octahe-
dral, which lead to the formation of 1D (2% 2) and (1 x 1)
tunnels extended in a direction parallel to the c-axis of the
tetragonal unit cell via linking at corners [11]. Until now,
various morphologies of MnO, like zero-dimensional (0D)
nanoparticles [12], one-dimensional (1D) nanotubes [13],
nanorods [14], nanowires [15], and two-dimensional (2D)
nanosheets [16] have been successfully synthesized and
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characterized. For better performance, much attention has
been paid to the incorporation of all the above structures as
blocks into 3D complex structures such as nanoflowers [17],
microspheres [18] and dandelion- and urchin-like [10]. At
present, the application of MnO, in electrocatalysis is mainly
focused on nanosheets, in which the lowest detection limit of
H,0, is mostly 1077 mol-L ™" [19], and dopamine is 10~* mol-
L' [20]. There is still possibility to improve the catalytic
performance of x-MnO, to H,O, and dopamine, compared
with other metal oxides sensors. In general, larger specific
surface areas as well as more active sites are important to
further improvement of the catalytic performance. In view of
the outstanding performance of hollow structural materials in
the field of batteries and supercapacitors [21, 22], it is hoped
that electrocatalysis, which also belongs to the field of
electrohemistry, should have similar characteristics and prop-
erties. However, MnO, with the hollow structure were rarely
reported [10, 18, 23], mainly used in gas sensor [23], oxygen
reduction reaction and oxygen evolution reaction [10]. It
might be restricted by the synthesis conditions, the poor
monodispersion of these hollow MnO, (dandelion- and ur-
chin-like). In addition, a few literatures on the detailed cata-
lytic mechanism of MnO, for H,O, and DA can be found till
today, except for some rough descriptions in papers [4, 9, 24,
25]. Based on these considerations, we intend to synthesize a
kind of MnO, with uniform and well-dispersed hollow 3D
structure and apply them in electrocatalysis of small mole-
cules, such as H>O,, DA and others. Furthermore, the catalytic
mechanism of MnO, for small molecules will be also
investigated.

Herein, we describe a more attractive hollow urchin-like o-
MnO, which was successfully synthesized via hydrothermal
method. This unique hollow structure has a high specific surface
area which is helpful for increasing active sites. Taking the
above advantage into consideration, the hollow urchin-like -
MnO, was chosen to construct a electrochemical sensor for
detecting H,O, and DA in phosphate buffer (pH = 7.4) without
interference of some coexistence components such as Biogenic
Amines, ascorbic acid (AA) and uric acid (UA). This is the first
report that the hollow urchin-like x-MnO, sensor was fully
applied to the determination of H,O, and DA through
electrocatalysis, with rapidity (short response time), high sensi-
tivity and selectivity. Beyond that, both the catalytic mechanism
of MnO, for H,O, and DA was investigated respectively.

Experimental
Reagents
Dopamine (DA), ascorbic acid (AA), and uric acid (UA) were

purchased from Sigma Aldrich Co., USA (https:/www.
sigmaaldrich.com/china-mainland.html). Adrenaline,
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Histamine, Epnephrine, Serotonin, Tyramine and
Phenethylamine were purchased from Shanghai Titan Scientific
Co., Shanghai, China (http://www.titansci.com/index.action).
MnSO4H,0, AgNO3, chitosan (cs), and (NH,4),S,0g were all
analytical grade reagents and bought from Beijing Chemical
Reagent Co., Beijing, China (http://www.crc-bj.com/); HyO,,
KH,PO,4 and K,HPO, were purchased from Tianjin Tianli
Chemical Reagent Co., Tijian, China (http://9211251.582582.
com/). H,O, aqueous was freshly prepared before use.
Phosphate buffer (0.05 mol-L™", pH 7.4) composed of KH,PO,
and K,HPO, was the supporting electrolyte.

Instrumentation

X-ray diffraction meter was employed to investigate the
urchin-like x-MnQO, nanospheres with Cu K« radiation (A =
1.5406); Bragg angle range from —10 to 80 deg. (XRD;
D/MAX-III-B-40KYV, Japan).

The structure of the samples was characterized by transmis-
sion electron microscope under 200 kV acceleration voltage
(TEM; JEOL-2100, JEOL Co., Japan).

Microstructure of urchin-like «-MnO, was investigated
with scanning electron microscope, under the operational
power of 15.0 kV (SEM; Hitachi S-4800, Hitachi, Japan).

All the electrochemical tests were conducted on a electro-
chemical workstation equipped with standard three-electrode
system (CHI-760E, Shanghai Chenhua Apparatus Co.,
Shanghai, China, http://chi.instrument.com.cn), in which the
diameter of modified glassy carbon electrode (GCE; the
working electrode) was 5 mm; the auxiliary electrode and
reference electrode were platinum wire and saturated calomel
electrode (SCE), respectively. Electrochemical impedance
spectroscopy (EIS) and Cyclic Voltammograms (CV) were in-
vestigated in 5 mmol-L ™! [Fe(CN)6]'3/_4 (1:1) containing O.
1 mol-'L™" KCl; Chronocoulometry used for determining the
apparent electrode areas with different modification was con-
ducted in 1 mmol-L™" K3Fe(CN)g with 2 mol-L™" KCI.
Chronoamperometry was applied to the catalytic response, in-
terference measurement and analysis of the biological samples
in Phosphate buffer (0.05 mol-L™', pH 7.4).

Synthesis of hollow urchin-like a-MnO,

The hollow urchin-like x-MnO, was synthesized as reported
in literature with some modifications [18]. In brief, MnSO,:
H,0O (0.270 g), (NH4),S,05 (0.365 g) and 1.6 mL of
con.H,SO,4 were added to deionized water of 40 mL at
25 °C. Then, 0.8 mL of AgNO; (5.9 mol-L ™) solution was
put into the above solutions. When the stirring was lasted for
30 min, the resulting mixture was put into Teflon-lined stain-
less steel autoclave with a volume of 50 mL. After sealed
tightly, the steel autoclave was heated for 6 h under the tem-
perature of 120 °C. When the reaction was finished, the
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resulting black precipitate sample was collected by centrifu-
gation, then washed using deionized water and ethanol, and
dried for 12 h at the temperature of 80 °C in an oven.

Preparation of different modified glassy carbon
electrodes (GCEs)

GCE (d =5 mm) was polished via using different size of alu-
mina slurry (0.3, 0.1 and 0.05 um) consecutively, it was then
treated by ultrasound wave in 50% nitric acid aqueous, abso-
lute ethanol and deionized water, successively. Thereafter, the
electrode was activated in 0.25 mol-L™" H,SO, by the cycled
(20 cycles) potential ranged from —1.0 to - 1.0 V. Then, 10 uL.
of urchin-like «-MnO, dispersion with the concentration of
5 mg'mL™" was slowly dropped onto the surface of GCE.
Subsequently, 5 pL of 2% (wt.) chitosan solution was added
onto the electrode mentioned above. Each modification must
be dried in air. The rest modified electrodes were all construct-
ed by using the corresponding dispersions material.

Results and discussion
Characterization of the nanocomposites
The composition and phase purity of sample obtained at

120 °C (6 h of reaction time) was characterized by XRD. As
shown in Fig. la, all the diffraction peaks can be clearly
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matched to pure phase of a-MnQO, with tetragonal (JCPDS
44-0141). Furthermore, the peaks of 28.9°, 37.6° and 56.8°
present the largest intensity, it implies the resulting MnO,
material is abundant in (310), (211) and (600) crystalline
planes. No peaks can be observed for amorphous MnO,.
This confirms the high purity and crystallinity of the material.

The direct information related to structure as well as mor-
phology of the synthesized product mentioned above can be
obtained from the SEM and TEM at various magnification. As
shown in Fig. 1b, hollow urchin-like microspheres with cav-
ities can be observed clearly. The diameter of the cavities and
the thickness of the shell are about 1.2 um and 300 nm re-
spectively. The magnified image shows that the urchin-like
microspheres is assembled by much densely packed and
spherically aligned smooth nanowires with the length and di-
ameter of approximately 1.5 um and 30—40 nm, respectively
(Fig. 1c). By observing TEM images, further verifying the
hollow morphology of the urchin-like microspheres with di-
ameter of 5-6 um (Fig. 1d), in accordance with the SEM
observation from Fig. 1c . HRTEM image is shown in Fig.
le, from which the lattice spacing is calculated to be
0.233 nm, in agreement with the (211) planes of the MnO,.
This result is corresponding to that of XRD technique.

To further know the porous structure and specific surface
area of urchin-like x-MnO,, N, adsorption and desorption
measurements were conducted (Fig. 1f). According to the
TUPAC classification, the &a-MnQO, exhibits a type IV isotherm
with H3 type hysteresis loop. The distribution curve of o-
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Fig. 1 XRD patterns (a), SEM (b, ¢), TEM (d), HRTEM (e) images, N, adsorption-desorption isotherms (f) and pore size distribution plot (inset of f) of

urchin-like ®-MnO, synthesized at 120 °C for 6 h
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MnO, pore size shows that the main pore sizes are 70 nm and
120 nm which come from the cross stacking of the nanowires
on urchin-like microsphere. The specific surface area is
47.23 m* ¢!, which provided a potential for excellent elec-
trochemical properties.

Growth mechanism of hollow urchin-like a-MnO,

The influence of the reaction temperature (60, 90, 120,150 and
180 °C) on the microstructure of the products has also been
investigated. As shown in Fig. S1 (Supplementary material),
the planes and crystallinity of the synthesized particles vary
following with the change of reaction temperature, and ideal
uniform hollow urchin-like microspheres of o-MnO, with
more planes and better crystallinity can be found when the
temperature reaches to 120 °C under the reaction time of
6 h. Hence, the optimal reaction temperature for synthesizing
hollow urchin-like &-MnQO, should be fixed at 120 °C.

To investigate the growing process of urchin-like a-MnO,,
time-dependent experiments were carried out at 120 °C and
monitored by SEM, and the result is displayed in Fig. 2. It
shows that there are a large amount of inhomogeneous micro-
spheres with rough surface at 2 h of reaction time (Fig. 2a).
With the reaction time increases to 4 h, the glitch of the par-
ticle surface becomes longer compared with that of obtained
from the time of 2 h (Fig. 2b). The prototype of urchins can be
observed from most of particles. When reaction time is con-
tinuously increased to 6 h, the interesting uniform hollow
urchin-like microspheres form completely (Fig. 2c). In view
of experimental results mentioned above, the reaction time is
further lengthened to 8 h, excessive nanowires can be found
clearly on the tip of nanowires of urchins, like a network
covering the urchin and interwoven (Fig. S2, Supplementary
material). This is very similar to the formation process of o-
MnO, products with the increase of the temperature. XRD

patterns of «x-MnO, were also investigated within various
reaction times. As shown in Fig. S3 (Supplementary material),
the a-MnO, synthesized around 6 h exhibits more planes and
better crystallinity compared with the samples obtained at oth-
er reaction times. The trend of the intensity of diffraction
peaks and the crystallinity are also similar to that of samples
obtained at increasing temperatures. It indicates that the crys-
tallinity of the materials is closely concerned to the micro-
structure of materials. Finally, optimal reaction time and tem-
perature for synthesizing hollow urchin-like «-MnO, should
be around 6 h at 120 °C.

Based on time-dependent stuctures and morphologies of
nanostructured x-MnO, mentioned above, an “Ostwald rip-
ening process” can be introduced to give a reasonable expla-
nation on the phenomena. At the beginning, lots of nuclei arise
within a short time with the aid of the reaction between
MnSO4 H,0and (NH,4),S,0g. Subsequently, the nuclei grad-
ually aggregate to form the microspheres, belongs to a solid
cores. Then, MnO, nanowires would gradually evolve from
the above spherical aggregates owing to the one-dimension
growth habit. Finally, an interior cavity formed by means of
a core evacuation procedures following with the continuous
increase of reaction time, which may be the result of higher
surface energies [23].

Selection of the experiment conditions

The optimal applied potential used in this work is chosen
according to comparision of amperometric response to equal
amount of H,O, and DA (Fig. S4, Supplementary material).
The applied potentials of 0.2 V, =0.3 V, =04 Vand—0.5 V
were investigated in the study of H,O,, and the tested poten-
tial for DA was 0.2 V, 0.3 V, 0.4 V and 0.5 V, respectively.
Based on the consideration of the increases of catalytic current

Fig. 2 Diagram of the formation
for urchin-like a-MnO, and cor-
responding morphology: (a) 2 h;
(b)4h;(c)6h

Hydrothermal
reaction

120 °C

2h 4h 6h
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and noise current, the optimal applied potential of H,O, and
DA are determined to be —0.4 V and 0.4 V, respectively.

The effect of different pH (5.6, 6.2, 6.8, 7.4, 8.0 and 8.6) of
phosphate buffer on catalytic response for equal H,O, and DA
were also investigated. As shown in Fig. S5 and Fig. S6
(Supplementary material), the catalytic current of H,O, and
DA in the system (pH = 7.4) is larger than those of other five
pH, thus, 7.4 is chosen as the optimal pH in the larter
experiments.

The modifier content of &-MnQO, (5, 10, 15, and 20 pL) on
the GCE was also investigated. As shown in Fig. S7
(Supplementary material), the catalytic currents of 10 uL are
the largest for equal amount of HO, and DA among the four
modifier content. Therefore, 10 uL is chosen as the optimal
modifier content.

Electrochemical properties of the constructed
electrodes

In order to study the relationship between microstructure of
sensing materials and catalyzation, five sensors were fabricated
based on different MnO, synthesized at different temperatures
(60, 90, 120, 150 and 180 °C). Responses of the five sensors to
0.4 mmol-L ™" H,0, were measured in 0.05 mol-L™" phosphate
buffer (pH 7.4). As shown in Fig. S8 (Supplementary material),
the structure of hollow urchin-like MnO, synthesized at 120 °C
possesses the highest catalytic current compared with those of
other four sensors. Similar experiments were also carried out, in
which the responses to DA are consistent with the results to
H,0,. It suggests that the uniform and hollow urchin-like struc-
tures possess larger specific surface as well as more active sites.
Hence, the MnO, synthesized at 120 °C is selected to construct
sensor in this work.

EIS and CV methods were applied to investigate the elec-
trochemical characterization of three kinds of electrodes includ-
ing GCE (a), c¢s/x-MnO,/GCE (b) and «-MnO,/GCE (c)
(Fig. 3a and b). Interface properties of the different electrodes
can be gained from EIS. The semicircle diameter appeared at
higher frequencies relates to procedures concerning to electron
transfer-limited, in which the diameter of the semicircular plot
is dependent on electron-transfer resistance [1]. As can be seen
from Fig. 3a, after the electrode was modified, the electron
transfer resistance varies accordingly. A plot with effectively
linear can be clearly found using GCE (curve (a)). When GCE
is covered by «-MnQO,, the corresponding semicircle of the plot
increases significantly as expected (curve (c)). The reason may
be the negative charge of «-MnO, surface has repulsive effect
on that of [Fe(CN)s]>~ probe molecules to some extent. When
cs is introduced, the semicircle of the plot is reduced in com-
parison to that of «-MnQO, modified electrode (curve (b)). This
presumably because negatively charged probe molecules was
adsorbed and accumulated to the cs film with positive charge
[1]. The corresponding electron-transfer resistance of different

electrodes increases following the order of GCE(84.7 €2) < cs/
«x-MnO,/GCE (324.7 ) < «-MnO,/GCE(509.5 €2). The ca-
pacitance of different modified electrodes can be calculated
using the Eq. 1 [26]:

(RQ,)"
Ci="p— (1)
where C; is the capacitance; R; is the electron-transfer resistance
of the modified electrode; Q; and n; are the parameters of a
constant phase element. The C; value of cs/x-MnO,/GCE is
2.05x10°%. The relevant parameters of GCE and &-MnO,/
GCE have been listed in Table S1.

To confirm whether there are some changes of electrode
behavior among different electrodes, CV experiments were
also carried out. As shown in Fig. 3b, the peak current of
CV decreases following the order of GCE > cs/ax-MnO,/
GCE > «-MnO,/GCE, which is justly opposite to that of
electron-transfer resistance, indicating that there is the change
of electrode behavior among different electrodes. For drawing
a same conclusion on the change of electrode behavior among
different electrodes, there must be an opposite tendency with
regard to electron-transfer resistance and CV peak current.

In order to prove the effect of different electrodes on appar-
ent electrode areas, chronocoulometric plots that collected from
the reduction of K3Fe(CN)g (1.0 mmol-L ") in KCI (2.0 mol-
L") were plotted using three kinds of electrodes studied in this
work. The corresponding equation is (Eq. 2) [27]:

2nFAcD'/?41/2
= n + Ou + Ouas (2)

where Q represents the absolute value of reduction charge, n
presents electrons transferred number, F is the Faraday constant,
A is apparent electrode area and ¢ is time; ¢ is the bulk concen-
tration of oxidized form of the hexacyanoferrate (IIl) complex,
while D is the corresponding diffusion coefficient in comparison
to C (7.6 x10°% cm®s ); 0O, is double-layer charge and O, is
Faradic charge. The apparent electrode area (A) can be calculated
via the slope of Q versus ¢;» plot. As shown in Fig. 3c, the slope
values increase following with the order of GCE < a-MnO»/
GCE < ¢s/a-MnO,/GCE and the corresponding apparent elec-
trode areas are 0.14, 0.24 and 0.26 cm?, respectively. The effec-
tive surface area of c¢s/a-MnQO,/GCE is approximately 1.86 times
larger than that of GCE, indicating that urchin-like «-MnO,
composites possess a promising electrochemical performance
due to the lager value of A.

CV curves of the constructed cs/-MnO,/GCE electrode in
H,0, aqueous (0.1 mmol-L ") were also tested at a designed
scan rates (Fig. 3d). The oxidation peak current gradually
increases with the increasing of scan rate within 50—
500 mV-s ! (inset of F ig. 3d); the associated current-scan rate
relationship is: 7=0.011 v — 0.71 (R*=0.99). Based on the
Semerano criterion, it can be known that electro-reduction of

@ Springer
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Fig. 3 Electrochemical properties exhibited by modified electrodes: (a) -
EIS (Randles equivalent circuit for EIS, inset) and (b) - CVin 5 mmol-L ™!
[Fe(CN)6]™>* (1:1) + 0.1 mol-L ™! KCI; (c) - the curves of Q-t"2 and Q-t
(inset) for reduction of I mmol'L ! K5Fe(CN)g in 2 mol-L ! KCI; CVs of
the c¢s/a-MnO,/GCE in phosphate buffer (pH 7.4) at various scan rates
(50-500 mV-S™', inside and out) under addition of (d) H,0,

H,0, is mainly a surface-confined process. The number of
electron transferred in the reaction can be calculated by the
Laviron’s equations (Eq. 3):

_ n*F*AI'r  nFQu
" 4RT  4RT

1, O =nFAIr (3)
where n presents electrons transfer number, Q is the peak area
and v is the corresponding scan rate. Based on the relation-
ships of /, versus v, the values of » are in the range of 1.67-
1.82, therefore, the values of n are approximately 2.

As shown in Fig. S5a (Supplementary material), the anodic
peak potential of H,O, is linearly proportional to the pH value
(from 5.6 to 8.6) with the equation of E, =—0.057 pH +0.73
(R? =0.98). The slope is 0.057, which is close to 0.059 V/pH,
indicating that the number of electron-transfer and protons
taking part in the reaction are equal. Beyond that, the
charge-transfer coefficient was also calculated. The corre-
sponding equation (Eq. 4) was listed as follows.

E, :&H—%lny (4)
where « is the charge-transfer coefficient and others have
same meanings as mentioned above. It can be seen that the
E, - InV for H,0, is £,=0.013 InV+0.33 (R’ =0.98) (Fig.
S5b, Supplementary material). The value of « is calculated to
be 0.05. The standard heterogeneous transfer (k;) of HO, on

@ Springer

(0.1 mmol‘'L ™) and (e) DA (0.01 mmol-L™Y). Inset: oxidation peak cur-
rents vs. the scan rates; (f) - CV responses of different modified electrodes
to H,O, and DA (a - ¢s/a-MnO,/GCE in phosphate buffer (pH 7.4); b -
¢s/a-MnO,/GCE to 0.1 mmol-L™" H,O5; ¢ - GCE to 0.01 mmol-L ™" DA
and d - cs/a-MnO,/GCE to 0.01 mmol-L ! DA)

¢s/a-MnO,/GCE is 2.36 s ! which is calculated according to
Eq. 5 [27]:
RT (l-a)aFAE,

Ink; = aln(1-a) + (1-a)na—In—-

5
nFuv RT (5)

The above experiment was also conducted in 0.01 mmol-
L' DA (Fig. 3e). The corresponding current-scan rate rela-
tionship is: /=0.009 v+2.07 (R°=0.99), demonstrating that
the oxidation of DA is also a surface-confined process. The
relation of E,-pH is E,=—0.053 pH +0.66 (R’ =0.98), indi-
cating that the number of electron-transfer and protons taking
part in the reaction of DA are equal (Fig. S6a, Supplementary
material). According to Eq. 3, the values of electron-transfer
number of DA on the c¢s/a-MnO,/GCE are in the range of
1.72-1.94, it is also approximately 2. According to the cali-
bration of E,=0.034InV +0.33 (R°=0.98) (Fig. S6b,
Supplementary material) and Eq. 4, the charge-transfer coef-
ficient o is 0.62. The standard heterogeneous transfer (k) of
DA on cs/a-MnO,/GCE is 2.68 s .

Catalytic mechanism of the modified electrode

The mechanism for reduction of H,O, on modified electrode
was investigated. As shown in Fig. 3f, no peak can be ob-
served on cs/x-MnO,/GCE in phosphate buffer (curve a),
however, four peaks can be obviously found after addition
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of H,O, (curve b). The reason may be resulted from the reac-
tion of H,O, and «-MnO, modified on the GCE. According
to the published work [24], the procedure is that H,O, is firstly
adsorbed onto the surface of x-MnQ, which is then reduced to
low valence states. Subsequently, Mn of low states mentioned
above are oxidized back to MnQO, at the surface of electrode.
With the addition of HO,, Mn species in the form of trivalent
and bivalent including Mn(OH), and Mn, O3 arise. (Egs. 6 and
7). After the electrooxidation process, the Mn of low states
formed above are changed into MnO, again (Eqs. 8 and 9).
According to the potential diagram exhibited by Mn, the redox
couple of Mn(II)-Mn(IV) should correspond to Peak 1 (Eq.
7), and that of Mn(IT)-Mn(IV) should match to peak 2 (Eq. 6).
According to the numbers of transferred electrons and pro-
tons, the reaction mechanism of H,O, on the cs/a-MnO,/
GCE can be speculated as follows:

MnO, + H,0,—Mn(OH), + O, (6)

2MnO; + H,0,—Mn,03 + O, + H,O (7)

H

+ MnO,

+ 2MnO,

HO. N
, :@/\/
HO
HO NH,
, j@/\/
HO

0. NH,
D/\/
HO

—_—

Mn(OH),—MnO, + 2H" + 2¢” (8)

Hzo + Mn203—>2Mn02 + 2H+ + 2e” (9)

To explore the catalytic mechanism of the DA on the cs/x-
MnO,/GCE, CV experiments were also done. As revealed in
Fig. 3f, a 0.187 V (curve (c)) of oxidation peak potential of
DA on GCE can be clearly found. The CV was further con-
ducted in phosphate buffer containing DA using cs/x-MnO,/
GCE, the oxidation peak potential is 0.273 V (curve (d)).
Based on the experimental results in H,O, aqueous, peak
potential of Mn(III)-Mn(IV) appears at 0.301 V (curve (b)).
The oxidation peak potential (0.273 V) of cs/x-MnO,/GCE
for DA is between the two potentials mentioned above, which
may be caused by superposition of the two peaks. Moreover,
the peak potential of 0.766 V is just corresponding to Mn(II)-
Mn(IV). In combination with existing report [27] and the
numbers of transferred electrons and protons, the possible
reactions of DA on the ¢s/x-MnQO,/GCE can be described as
follows:

0. NH,
—
+  Mn(OH),
HO

0. NH,
2 :O/\/ + Mn,0; + Hy0 (11)
HO
o} NH,
o

Mn(OH),—MnO, + 2H" + 2¢” (13)
Mn, 03 + H,0—2MnO, + 2H" + 2¢~ (14)

Electrocatalysis of H,0, and DA at the cs/a-MnO,/GCE

To investigate the catalytic performance of cs/a-MnO,/GCE,
amperometric experimenst to different aliquots of H,O, was
operated using phosphate buffer (pH 7.4) as the buffer system
at —0.4 V (Fig. 4a). When H,0, was brought to the electro-
chemical cell, it can be clearly seen that the reduction current
increase rapidly. Only within 5 s, the steady-state current

(approximately 95% levels) almost achieved. This nonenzy-
matic H,O, sensor shows two linear ranges; one within
0.24 umol-L™'- 0.10 mmol-L™" exhibits a high sensitivity
and desirable correlation coefficient (R%) of 0.55 pA (pumol-
L)' em 2 and 0.99, and the other one ranged from 0.10 to
6.67 mmol-L ™" also possesses an excellent R (0.99). The
detection limit is 80 nmol-L " at the signal-to-noise ratio of 3.

Instead of H,O,, DA was also conducted at the cs/a-MnQO,/
GCE in the stirred electrolyte solution at 0.4 V (Fig. 4c). This
DA sensor shows an excellent linear relationship in the range of
0.05 umol-L™" to 88.8 umol-L™" with a high sensitivity and
desirable correlation coefficient (R?) of 8.35 pA (umol-L ™)™
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Fig. 4 Current responses a 0 b
obtained from cs/a-MnO,/GCE
in series of additions of (a) H,O, 300
and (c¢) DA dissolved in < -100 <=-
phosphate buffer (pH 7.4). = -16 -
Applied potential to H,O, and - < B 200
DA are ~0.4 Vand 04 V, o 200 o[ ]
respectively. (vs. SCE). Inset: = o S
magnified p.lot of the small 8 300 3 Time/s O 100
ladders. Calibration plot of the cs/ ) -24
o-MnO,/GCE modified electrode 200 250 300 350 .~ 0.00 003006069
as a function of (b) H,O, and (d) 200 200 500 300 0 3 % s
DA concentration. Inset: 1
magnified plot of low analyte Time/s CH»0./ mmol.L
concentrations
¢ 200 d 210
)
150} € 140
@
NS E
+« 100 e
e -20 c 70
o 200 250 300 o =
t 50 Time/s =
= = "g_
O O o E
0 o -
0.003 0.006 0.009
200 400 600 800 0.03 0.06 0.09
Time /s Coa / mmol-L™"
Table 1 Comparison of the DA and H,0O, determination with different modified electrodes previously reported in the literatures
Electrode Linear range Detection limit Ref.
H,0, DA H,0, DA
(mmol-L™") (umol- L™ (nmol- L") (nmol- L")
PTCA-RGO-MWCNTs-AuNPs/GCE - 1-100 - 70 2]
5-MnO,/CNTs 0.05-22 - 1000 - [4]
Au/pBDD - 0.1-1000 - 60 [5]
P/CoS, /IL-GN/GCE - 0.1-400 - 40 [6]
NP-PtY/GR/ GCE - 0.9-82 - 360 71
OFMs/GCE - 0.2-115 - 30 [8]
MnO,/rtGO/GCE 0.01-0.09 - 2000 - [9]
0.2-0.9
MnO, NTs/RGO NCs 0.1-80 - 820 - [13]
NGNF/MnO, 0.1-11 - 1250 - [14]
MnO,/ERGO paper 0.145.4 - 10,000 [15]
MnO,/CF 0.0025-2.055 - 120 - [19]
MnO,-RGO - 0.06-1.0 - 1.0 [20]
1.0-80
MnO,/SWCNT-N{/GCE 0.005-3 - 520 - [24]
MnO,/rGONRs/GCE 0.00025-2.245 - 71 - [28]
Ag/MnO,/GO 0.003-7 - 700 - [29]
MnO,/RGO/P,s 0.001-4 - 300 - [30]
MnO,/Vertically aligned MWCNTSs/Cu 0.0012-1.8 - 800 - [31]
B-MnO, - 0.03-65 - 82 [32]
DAAO-Hb/MnO, NPs/PTh - 0.04-9 - 41 [33]
3D PYRGO/MnO, — 1.5-215.56 - 100 [34]
NPG-pE - 0.1-10 - 30 [35]
GCE/P-Arg/ErGO/AuNP - 0.001-0.05 - 1 [36]
1.0-50
Nay(CuTCPP)-rGO/GC - 0.0024-3.6 - 0.8 [37]
cs/x-MnO, /GCE 0.00024-0.1 0.05-88.8 80 12 This work
0.1-6.67

*- represents the analyzed compound did not be detected using the modified electrode
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Fig. 5 a - Interference study in the presence of 0.04 mol-L ™' H,0, and
0.6 mol-L™" interfering chemicals; b - the 1st and 100th CV curves; ¢ - the
currents of electrode during 40 days storage; d - reproducibility studies

cm 2 and 0.99. The detection limit is 12 nmol-L ™" at S/N of 3.
In order to confirm the suitability of the constructed sensor in
practical industry, the comparison experiments were also con-
ducted. The results show that the current without N, (curve b)
reaches 97% of that in N, saturated system (curve a) (Fig. S10,
Supplementary material), indicating that the difference caused
by dissolved oxygen can be neglected in the range of the errors
permitted. The property of cs/ax-MnO,/GCE to DA and H,0,
is compared with those of related work reported in previous
literatures (Table 1). The electrode assembled in this work per-
forms at least as well or somewhat better in comparison to some
other studies. The desirable properties of cs/x-MnO,/GCE to
H,0, and DA may be the result of relatively larger surface/

with 5 electrodes and e - five consecutive measurements of ¢s/a-MnO,/
GCE towards 0.1 mol'L™" H,0, in phosphate buffer (pH 7.4). Applied
potential: —0.4 V (vs. SCE)

volume ratio of urchin-like x-MnQO, microspheres, which pro-
motes the adsorption of HO, and DA. Furthermore, the in-
creasing of the active sites also plays an important role.

Selectivity, stability and reproducibility
of the constructed electrode

To evaluate the selectivity of the method in this study, potential
interferences material, including amino acids (Threonine,
Tyrosine and L-cysteine), biogenic amines (epinephrine, adren-
aline, histamine, serotonin, tyramine and phenethylamine),
ascorbic acid (AA), uric acid (UA) and glucose were tested.
The interference experiments of H,O, and DA were performed

Table 2 Determination of H,O,

and DA in biological samples Sample Hydrogen peroxide (jummol-L ") Dopamine (ummol-L ")
using the «-MnO, modified GCE
Added Found® Recovery(%)° Added Found® Recovery(%)°
Serum 50 472+1.2 94.7+2.3 20 18.6+0.7 92.7+3.1
100 97.3+0.9 97.3+0.9 40 384+0.8 96.1+1.9
150 147.4+0.9 98.3+0.6 60 57.9+0.6 96.6+0.9
Urine 50 47.4+0.7 948+14 20 18.7+0.8 93.2+34
100 97.1+1.1 97.1+1.1 40 38.2+0.7 95.5+1.8
150 1475+14 98.4+0.9 60 579+12 96.5+1.9

?Found =mean = S.D. (n =3) and RSD were all lower than 3.5%
b Recovery =mean=+S.D. (n=3) and RSD were all lower than 4.0%
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separately due to different applied potentials (Fig. Sa and Fig.
S9a, Supplementary material). The results reveal that the com-
petitors have no influence on the excellent selectivity of the
modified electrode assembled in this work even if they were
presented in 15-fold concentrations. All these prove that the
fabricated sensor possesses excellent selectivity for detection
of H,O, and DA. In addition, stability was also investigated by
comparisons of CVs after 100 successive assays. In this text,
the oxidation current response to H,O, and DA still keep up to
94.03% and 92.98% compared to that of the initial stages,
implying good stability of the constructed electrode (Fig. Sb
and Fig. S9b, Supplementary material). The storage stability
test of constructed electrode was conducted for each 5 days at
25 °C. Compared to the initial response, no obvious current
change of the electrode can be found when the experiments last
40 days, meaning ideal storage stability of this work (Fig. 5c
and Fig. S9c¢, Supplementary material).

The reproducibility of this «-MnO, sensor was tested by
constructing five independent electrodes in parallel, and RSD
of current responses for H,O, and DA are 3.42% and 3.46%,
respectively. (Fig. 5d and Fig. S9d, Supplementary material).
Similarly, a series of current measurements (z = 5) for and DA
were operated on the constructed sensor, RSD is 1.9% and
1.87% (Fig. 5e and Fig. S9e, Supplementary material).
Overall, the above experimental result indicated both the re-
producibility and stability of the electrode constructed in this
work are satisfactory.

Determination of the H,0, and DA in biological
samples

Finally, the sensor was employed to detect H,O, and DA
in biological samples including human urine and serum
under optimized conditions. The samples including se-
rum collected by centrifuged and urine were diluted 40
times with 0.05 mol-L™" phosphate buffer (pH 7.4). The
analyte was brought into real samples with the using of
standard addition method at three different levels, in
which all the experiments were conducted in triplicate.
The results are depicted in Table 2, from which we can
know both the recoveries of H,O, and DA are all above
90%, indicating that the sensor can be successfully ap-
plied to the detection of H,O, and DA in biological
samples.

Conclusions

Unique hollow urchin-like structure of «-MnO, has been suc-
cessfully synthesized by one-step hydrothermal method for
6 h when the temperature is maintained at 120 °C. Both the
reaction temperature and reaction time affect the microstruc-
ture of x-MnQO,. The catalytic currents of the uniform hollow

@ Springer

urchin-like x-MnO, to equal amount of H,O, and DA are
larger compared with other samples obtained at other reaction
conditions. It may result from the uniform hollow urchin-like
structure which provides a large specific surface area and
more active sites. Catalytic mechanism study for H,O, and
DA on the sensor shows that the electrocatalysis of H,O, and
DA is realized in the process of different valence states trans-
formation of Mn species. The sensor exhibits satisfactory per-
formance, including ideal sensitivity, excellent stability and
reproducibility, low detection limit, wide linear response
range, short response time and high analyte specificity. It of-
fers a potential and alternative approach for effective detection
of H,O, and DA.
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