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nanosphere: a sensitive strain
sensor for determination of hydrogen peroxide†

Qin Li,a Wenbin Gao,a Xiaopeng Zhang,a Haitao Liu,ab Meiling Dou,ab

Zhengping Zhang*ab and Feng Wang *ab

Exploring the sensitive and reliable methods for the determination of hydrogen peroxide (H2O2) is a crucial

issue for the health and environmental challenges. Herein, we demonstrate a facile, but rational and

effective solvothermal approach to the synthesis of hierarchical NiO mesoporous nanospheres (NiO-

MNS) as an effective non-enzymatic sensor towards the H2O2 detection. Owing to the intercalation and

stabilization effect of polyethylene glycol for the Ni(OH)2 intermediate, the NiO mesoporous nanosphere

(NiO-MNS) product is consistent with the low-dimensional nanostructured NiO blocks with large surface

area and plentiful mesopores after the calcination treatment. The obtained NiO-MNS sensor presents

superior electrochemical performance with a high sensitivity (236.7 mA mM�1 cm�2) and low limit of

detection (0.62 mM), as well as the good selectivity and reliability for the further application of H2O2

detection. In addition, the unraveling mechanism of the mesopores formation derived from the in situ

measurements also offers the valuable guidance for the future design of porous materials for

electrochemical devices and other applications.
1. Introduction

As one of the most important basic chemicals, hydrogen
peroxide (H2O2) has been widely used in various industrial
applications and people's daily life (e.g., pharmaceutical, textile,
food and environmental protection, etc.).1–3 However, the
residual H2O2 will generate free hydroxyl radicals, which are
hazardous for major cellular constituents and living organ-
isms.4,5 Driven by the health issues and environmental chal-
lenges, the development of sensitive and reliable determination
for the sensing of H2O2 has gained more and more concerns. As
a promising approach to H2O2 determination, non-enzymatic
electrochemical sensors exhibit many irreplaceable advan-
tages, such as high sensitivity, low detection limit, good selec-
tivity, as well as the rapid and cost-effective operation.6,7 Most
non-enzymatic electrodes are modied with multiple-oxidation-
stated metal and metal oxides to overcome the sluggish kinetics
and high over potential.8,9 Although the Au- or Pt-modied
electrodes have been widely investigated due to their high
electrochemical activity10–12, the high price and scarcity of these
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noble metals have greatly limited the practical application and
large-scale commercialization. Among the non-noble metal
materials studied, transition metal oxides have attracted the
most interest owing to their low-cost, stable physical/chemical
property and environmental benignity.13–17

As one of the potential candidates for transition metal oxide
sensors, NiO is one kind of the efficient H2O2 sensing materials
for the electrocatalytic oxidation from its redox couple of Ni(II)/
Ni(III) in the alkaline electrolyte. To make the NiO sensor
employed in practical application, great efforts have been
devoted to the improvement of its electrochemical perfor-
mance.18–20 Nevertheless, limited by the inherently poor elec-
tronic conductivity and large volume changes, the design of NiO
as a high-efficiency sensor mainly focuses on optimizing the
nanoarchitectures to enhance the electrochemical reactivity.
Due to the crosslinking texture with large surface area and
rational porous structure, hierarchical porous nanomaterials,
which are assembled by low-dimensional nanostructured
blocks, represent the enhanced electronic conductivity,
increased active sites and facilitatedmass-transfer ability.21–24 In
order to obtain such unique electronic properties and structural
features, various synthetic methodologies have been attemp-
ted.25–30 As one of the efficient methodologies, the solvothermal
synthetic process can make nickel ions slowly hydrolyze with
the H2Omolecules from the nickel salt hydrate without alkaline
precipitants, which can make more precise control over surface
properties, phases, and architectures.

Herein, we report a facile, but rational and effective
approach to the synthesis of 3D hierarchical NiO mesoporous
RSC Adv., 2018, 8, 13401–13407 | 13401
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nanospheres (NiO-MNS) by polyol-mediated solvothermal
without alkaline precipitants. Ethylene glycol (EG) and a spot of
polyethylene glycol (PEG) were employed as solvent and stabi-
lizer, respectively. Owing to the contribution of PEG to the
direction of Ni(OH)2 intermediates and the effect of pore
formation during the calcination process, the obtained NiO
nanospheres with low-dimensional nanostructured NiO units
and plentiful porous structure should exhibit excellent electro-
chemical performance. In addition, the unraveling mechanism
of the formation of mesopores is also explored by in situ
measurements to give the guidance for the future design of
other porous materials.
2. Experimental section
2.1. Synthesis of materials

All chemicals were of analytical grade and used without further
purication. In a typical procedure, 1.2 g of nickel chloride
hexahydrate (NiCl2$6H2O) and 2.2 g of anhydrous sodium
acetate (CH3COONa) were dissolved in 40 mL of ethylene glycol
(EG) to form a homogeneous solution at room temperature.
Aer that, 0.1 g of polyethylene glycol (PEG, molecular weight¼
1000) was introduced into the above solution under constant
stirring for 30 min. The mixture was then transferred into
a Teon-lined stainless steel autoclave, sealed, and maintained
at 180 �C for 3 h. Aer completely cooling down, the greenish
product was collected by centrifuging, washing with deionized
water and ethanol, and drying at 80 �C for 12 h. The obtained
Ni(OH)2 intermediate is denoted as PEG/EG-Ni(OH)2, which
represents the Ni(OH)2 derived from PEG and EG. For
comparison, the Ni(OH)2 intermediate was prepared in the
same method without PEG involved (denoted as EG-Ni(OH)2).
Aer calcined in an air atmosphere at 300 �C for 7 h, the PEG/
EG-Ni(OH)2 and EG-Ni(OH)2 nanospheres were generated into
NiO mesoporous nanosphere (NiO-MNS) and NiO nanosphere
(NiO-NS), respectively. The structure and morphology are
measured by the further characterizations.
2.2 Structural and electrochemical characterization

The scanning electron microscope (SEM, JEOL 6701F), trans-
mission electron microscope (TEM, JEOL JEM-2000FE) were
used to investigate the morphology and microstructure of the
as-synthesized samples. The X-ray powder diffraction (XRD,
Rigaku D/Max 2500 VB2+/PC, Cu Ka radiation, l¼ 1.54056�A, 30
kV, 4� min�1) was carried out to evaluate the phase of the as-
prepared products. The Nanometrics HL5550 cryostat was per-
formed to measure the electrical conductivity, based on the
standard four-probe technique. The specic surface area and
the pore structure were determined by nitrogen adsorption–
desorption isotherms on a Micromeritics Tristar 3020II instru-
ment. The thermal gravimetric-infrared (TG-IR) spectra in this
work were performed as in situ measurement by the thermal
gravimetric-differential thermal analysis (TG-DTA, Mettler-
Toledo) cooperated with a Nicolet 6700 Fourier infrared
(Thermo Fisher) at a heating rate of 20 �C min�1 with heating
region of 40–800 �C in an air atmosphere.
13402 | RSC Adv., 2018, 8, 13401–13407
All electrochemical measurements were carried out on
a CHI660E electrochemical station (CH Instruments, Inc.,
Shanghai) equipped with a standard three-electrode cell main-
tained at 25 �C, using a saturated calomel electrode (SCE) as the
reference electrode, a Pt wire as the counter electrode, and
a modied glassy carbon electrode (GCE, geometric area of
0.071 cm�2) or a bare GCE as the working electrode. The
modied working electrode was prepared as follows: 5 mg of
sample, 50 mL of Naon solution (5 wt%, DuPont), and 1 mL of
ethanol was mixed to form homogeneous ink by shaking and
sonicating for 30 min. Then, 6 mL of the homogeneous ink was
loaded onto the GCE and evaporated under an ambient atmo-
sphere. Before modifying, the GCE was polished with
aluminium paste (0.05 mm), and then ultrasonically rinsed with
deionized water and dried in air. All electrochemical testing is
measured in 0.1 M NaOH solution. The reusability testing of
NiO-MNS electrode was measured by the difference of two
oxidation peaks current (at 0.45 V) of the CV curves (with and
without 1 mM H2O2) for every 7 days (stored at 4 �C).

3. Results and discussion
3.1 Morphology and structure

The PEG/EG-Ni(OH)2 and EG-Ni(OH)2 intermediates were rst
observed with scanning electron microscopy (SEM, Fig. 1a and
b). Compared with the EG-Ni(OH)2 intermediate (an average
diameter of 650–950 nm), which is derived from EG solution
without the addition of PEG, the PEG/EG-Ni(OH)2 intermediate
exhibits the more uniform nanospheres (an average diameter of
700–800 nm) consistent with more clearly hierarchical silk-
ower texture. Aer the calcination treatment, the NiO-MNS
sample, derived from the PEG/EG-Ni(OH)2 intermediate,
exhibits the broccoli-like architecture with the evenly rough
surface (Fig. 1c), but the surface structure of NiO-NS has been
broken and disorganized (Fig. 1d). Furthermore, we carried out
transmission electron microscopy (TEM) to reveal the internal
structure of these nanospheres. It is clear that the NiO-MNS is
constructed by numerous nanoparticle units (the average size of
ca. 10 nm with the close d-spacing of 0.24 nm), which are
interconnected with each other (Fig. 1e and g). Additionally,
many mesopores are observed in the broccoli-like architectures
of NiO-MNS; however, as for NiO-NS, the nanostructured units
and obvious porous structure are not detected, which indicates
that the bulk texture is generated from Ni(OH)2 intermediate
derived from EG solvent without the addition of PEG (Fig. 1f).
The electron microscopy images indicate that a spot of PEG, as
the stabilizer and morphology-directing agent, may induce the
growth of Ni(OH)2 in the sheet-like directions and improve the
size uniformity, which favors the PEG/EG-Ni(OH)2 intermediate
generating into NiO-MNS with broccoli-like texture and meso-
porous structure. Both NiO-MNS and NiO-NS exhibit the same
diffraction rings, which indexes to the (111), (200), (220), (311)
and (222) planes of NiO, in selected area electron diffraction
(SAED) pattern (Fig. S1†). The result reconrm the formation of
NiO nanoparticles.

To further conrm the porous structure of NiO-MNS,
nitrogen adsorption–desorption measurements were
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 SEM images of (a) PEG/EG-Ni(OH)2, (b) EG-Ni(OH)2, (c) NiO-
MNS and (d) NiO-NS. TEM and the corresponding high-resolution TEM
images of the (e and g) NiO-MNS and (f and h) NiO-NS samples.

Fig. 2 (a) Nitrogen adsorption–desorption isotherms and (b) the
corresponding BJH pore size distributions for the NiO products (NiO-
MNS and NiO-NS) and the Ni(OH)2 intermediates (PEG/EG-Ni(OH)2
and EG-Ni(OH)2). XRD patterns of (a) the NiO products and (b) the
Ni(OH)2 intermediates.
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performed for all the nal NiO products and Ni(OH)2 interme-
diates (Fig. 2a). Contrary to PEG/EG-Ni(OH)2 (14.2 m2 g�1) and
EG-Ni(OH)2 (18.7 m

2 g�1), both NiO-MNS and NiO-NS shows the
signicantly increased Brunauer–Emmett–Teller (BET) surface
area of 113.6 and 85.2 m2 g�1, respectively. Especially, the NiO-
MNS sample exhibits apparently type-IV isotherm characteris-
tics of mesopores withmuch larger surface area than NiO-NS. In
addition, Barrett–Joyner–Halenda (BJH) pore size distributions
(Fig. 2b) calculated by the nitrogen desorption branches
reconrm the presence of mesopores with diameters <20 nm in
the NiO-MNS samples, as well as a higher pore volume (0.22 cm3

g�1) than NiO-NS (0.10 cm3 g�1). We believe that such large
surface area, high pore volume andmesoporous structure in the
NiO-MNS product, but not in NiO-NS, may be mostly probably
caused by the original structure of the Ni(OH)2 intermediates.
Therefore, X-ray diffraction (XRD) patterns were obtained to
explore the crystalline phases of the NiO products and Ni(OH)2
intermediates. As shown in Fig. 2c, either NiO-MNS or NiO-NS
presents a high crystalline degree of NiO phase, where the
37.2�, 43.3�, 62.9�, 75.4� and 79.4� can be indexed to (111), (200),
(220), (311) and (222) crystal planes, respectively. No other
This journal is © The Royal Society of Chemistry 2018
peaks could be detected. These diffraction peaks are consistent
with the face-centered cubic structure with the lattice parameter
of 0.24 nm, which correlates well with the lattice fringes of NiO-
MNS in the TEM prole. Furthermore, the XRD patterns of PEG/
EG-Ni(OH)2 and EG-Ni(OH)2 intermediates were investigated to
the evolution of the NiO formation (Fig. 2d). The relative broad
diffraction peak of PEG/EG-Ni(OH)2 centered at 10.1� refers to
the (003) plane of a-Ni(OH)2 with a low-angle-shi of the EG-
Ni(OH)2 (10.6�) and complete crystal (11.3�, JCPDS: no. 38–
0715), suggesting that some impurities intercalate into the
interlayered space in the Ni(OH)2 lattice.

To investigate the surface chemical structure of NiO-MNS
and NiO-NS, we employed the X-ray photoelectron spectro-
scopic (XPS) measurements and Raman spectra. The XPS survey
spectra (Fig. S2†) of NiO-MNS and NiO-NS shows the presence of
Ni (NiO-MNS: 43.1 at%; NiO-NS: 43.6 at%) and O (NiO-MNS:
56.9 at%; NiO-NS: 56.4 at%) with similar element contents
(Table S1†). In addition, the high-resolution XPS of Ni 2p
spectra were deconvoluted into Ni(II), Ni(III) and satellite peaks
designated to their oxidized surface,31 and O 1s spectra were
deconvoluted into metal–oxygen (O1), oxygen deciency (O2)
and metal-hydroxyl (O3) species (Fig. S3†). Compared with NiO-
NS, the higher O2 content of NiO-MNS indicates a larger
number of the low oxygen coordination defect sites, which
promote the adsorption of H2O molecules and OH� ions and
enhance the electrochemical activity of NiO-MNS.32 Further-
more, the Raman spectra (Fig. S4†) of the NiO-MNS and NiO-NS
exhibits the peaks at about 490 cm�1 and 1130 cm�1, referring
to the rst-order longitudinal optical (1LO) and second-order
longitudinal optical (2LO) phonon modes of NiO, respectively.33

In order to elucidate the origin of enlarged surface area of
the NiO-MNS products and the intercalation in the Ni(OH)2
intermediates, we performed PEG/EG-Ni(OH)2 and EG-Ni(OH)2
by the thermal gravimetric-differential thermal analysis (TG-
RSC Adv., 2018, 8, 13401–13407 | 13403
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DTA) measurements and the thermal gravimetric-infrared (TG-
IR) spectra to comprehensively elucidate the mechanism of the
formation process from the Ni(OH)2 intermediates to NiO
products. In an air atmosphere, the PEG/EG-Ni(OH)2 and EG-
Ni(OH)2 intermediates show the exothermic peaks located at
326 and 301 �C, respectively (Fig. 3a). These obviously
exothermic peaks were ascribed to the thermolysis during the
formation of NiO from Ni(OH)2. Notably, the PEG/EG-Ni(OH)2
presents not only a higher thermal stability but a larger weight
loss (54.6 wt%) compared with EG-Ni(OH)2 (46.1 wt%). It is
believed that the NiO-MNS intermediate should release more
small molecules than NiO-NS, which can produce more pores.
Meanwhile, compared with the theoretical weights loss
(29.7 wt%) derived from a-Ni(OH)2 (JCPDF: no. 38-0715) to NiO,
both PEG/EG-Ni(OH)2 and EG-Ni(OH)2 exhibit large weight loss,
demonstrating that the released small molecules are not just
water steam from the hydroxide dehydration. Therefore, TG-IR
spectra was employed to further analyze the gaseous decom-
position during the calcination treatment (Fig. 3b). The IR
spectra of gaseous decomposition are shown in the temperature
region from 240 to 440 �C. As for both PEG/EG-Ni(OH)2 and EG-
Ni(OH)2, the gaseous decomposition shows the strongest signal
intensity at the exothermic peak temperature. To better study
the components of gaseous decomposition, we selected the IR
spectra derived from the exothermic peak temperatures for
PEG/EG-Ni(OH)2 (326 �C) and EG-Ni(OH)2 (301 �C). As shown in
Fig. 3c, a series characteristic bands of H2O (at 3400–4000 cm�1)
and CO2 (at 2250–2360 cm�1) are observed in both of the two
samples. Combined with the result of XRD, it indicates that the
EG or PEG/EG is intercalated into the interlayered space in the
Ni(OH)2 lattice. It is worth noting that the strong and obviously
characteristic bands of CO at 2030–2240 cm�1 are detected in
PEG/EG-Ni(OH)2, inferring that the generation of CO is
Fig. 3 (a) TG-DTA curves and (b) TG-IR patterns of PEG/EG-Ni(OH)2
decomposition of the heating PEG/EG-Ni(OH)2 (at 326 �C) and EG-N
mechanism of NiO-MNS.

13404 | RSC Adv., 2018, 8, 13401–13407
produced from the residual PEG of PEG/EG-Ni(OH)2. During the
calcination process of PEG/EG-Ni(OH)2, the decomposed H2O,
CO2 and CO steams can act as pore forming agent to produce
high specic surface area and large pore size. According to the
literatures and our results, the feasible formation mechanisms
of NiO-NS and NiO-MNS has been proposed in Fig. 3d. The spot
of PEG not merely promotes to stabilize the nanospherical
architectures, but also produces the mesoporous structure with
the low-dimensional NiO blocks, which can provide large
accessible surface area to accelerate the diffusion of the reac-
tants and improve the electrochemical activity.
3.2 Electrochemical testing

To evaluate the electrochemical activity of the resultant NiO-NS
and NiO-MNS electrodes, cyclic voltammetric (CV) measure-
ments were rst performed to investigate the electrocatalytic
oxidation of hydrogen peroxide (H2O2) in 0.1 M N2-saturated
NaOH solution with and without 1 mM H2O2. As shown in
Fig. 4a, both NiO-NS and NiO-MNS shows well-dened redox
peaks (the reversible electron transfer of NiO/NiOOH(II/III), eqn
(1)), but not for the bare GC electrode. The strong current
responses with a clear oxidation peak (A1, A2; the oxidation
from NiO to NiOOH) at about 0.45 V, and the reduction peaks
(B1, B2; the reduction from NiOOH to NiO) at about 0.35 V.
Owing to the larger surface area and more active sites, the NiO-
MNS (A1, 0.47 V) exhibits a higher oxidation peak potential than
the NiO-NS sample (A2, 0.43 V). More respected, the NiO-MNS
electrode shows a much larger anodic and cathodic current
response than NiO-NS, attributing to its own numerous active
sites and large accessible reactive interface. When we added the
H2O2 solution into the alkaline solution, the anodic current
responses (from Ni(II)O to Ni(III)OOH) increased and the
and EG-Ni(OH)2 in an air atmosphere. (c) FT-IR spectra of released
i(OH)2 (at 301 �C) derived from (b). (d) Illustration of the formation

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) CV curves of the bare GCE, NiO-NS and NiO-MNS electrodes with and without 1 mM H2O2. (b) CV curves of the NiO-MNS electrode
with different H2O2 concentrations at a scan rate of 20mV s�1. (c) CV curves the NiO-MNS electrode with different scan rates, and the inset in (c)
shows the Ni(II/III) redox peak currents at different scan rates. (d) Linear relationship between the response current and the H2O2 concentration,
and the inset in (d) shows chronoamperometric response of NiO-MNS towards the step injection of 40 mMH2O2 solution at different potentials.
(e) Chronoamperometric response of GCE, NiO-NS and NiO-MNS towards the injection of hydrogen peroxide at 0.45 V. (f) Linear relationship
between the response current and the H2O2 concentration. Geometric loading of NiO-NS and NiO-MNS on the GCE is 425 mg cm�2.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
A

pr
il 

20
18

. D
ow

nl
oa

de
d 

on
 6

/2
6/

20
26

 5
:4

6:
06

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
cathodic current responses (from Ni(III)OOH to Ni(II)O)
decreased, indicating that the H2O2 is mainly catalytic oxidized
by NiOOH, the oxidation of NiO/NiOOH redox state. In the
anodic sweep, the oxidation of H2O2 and the reduction of
NiOOH take place simultaneously (eqn (2)). Moreover, the
increased NiO/NiOOH current responses (i.e., the decreased
NiOOH/NiO current responses) follow with more concentrated
H2O2 (Fig. 4b). With the increased concentration of H2O2, more
NiO is further oxidized to NiOOH causing an increased anodic
current; meanwhile, more NiOOH is reduced by H2O2, which
decreases the cathodic current response. The result reconrms
that the H2O2 oxidation current can be catalyzed by the electron
transfer of NiO/NiOOH(II/III) redox state. The electrochemical
processes can be formulated as follows:

Ni(II)O + OH� 4 Ni(III)OOH + e� (1)

2Ni(III)OOH + H2O2 / 2Ni(II)O + 2H2O + O2 (2)

Additionally, the anodic (or cathodic) current peaks only
increase (or decrease) with minor voltage shi aer H2O2

addition, demonstrating that the H2O2 oxidation reaction on
the NiO-MNS surface is sustainable. The CV curves of NiO-MNS
at various scan rates from 10 to 100 mV s�1 were also measured
to further investigate the H2O2 sensing process (Fig. 4c). The
current responses exhibit a pair of redox peaks at around 0.35–
0.50 V with good symmetry, suggesting that the redox reaction
of NiO-MNS is reversible. Moreover, the anodic and cathodic
This journal is © The Royal Society of Chemistry 2018
peak currents show linear relationship with the square root of
the scan rate, revealing that the electron transfer of NiO/
NiOOH(II/III) process on the surface of the NiO-MNS is diffusion
controlled. Combined with the diffusion of H2O2 on the elec-
trode surface, the porous structure and surface area will impose
the restrictions of the adsorption of H2O2 on the active sites of
the sensor surface. Hence the sensitive surface reaction and
mesoporous structure promise NiO-MNS further to have a good
application in a H2O2 electrochemical sensor.

Because the working potential of the electrochemical sensor
is also one of the main detection conditions, the optimal
working potential of NiO-MNS is explored by the chro-
noamperometric response with the step-by-step injection of 40
mM H2O2 at potentials of 0.40, 0.45 and 0.50 V (the inset in
Fig. 4d). As shown in Fig. 4d, three good linear dependences of
the typical chronoamperometric response of H2O2 oxidation
current versus the H2O2 concentration were observed without
obviously competitive reactions and noise background current.
Compared with the working potential of 0.40 and 0.50 V, the
sensitivity at 0.45 V is so high that the potential of 0.45 V is
selected as the optimum working potential for the further
detection of H2O2. We also optimize the working potential of
NiO-NS, the optimal potential for chronoamperometric test of
NiO-NS is also about 0.45 V (Fig. S5†). In addition, this result is
consistent with the oxidation peak potential of NiO/NiOOH(II/III)
derived from the CV measurements.

To better elaborate themerits of mesoporous structure in the
NiO-MNS sensor, we evaluated the chronoamperometric
RSC Adv., 2018, 8, 13401–13407 | 13405
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Table 1 Analytical performance characteristics for other electrochemical sensors reported for H2O2 detection
a

Electrode Detection limit (mM) Linear range (mM)
Sensitivity
(mA mM�1 cm�2) Reference

CuCo2S4 0.084 — 857.1 5
Co3O4-NWs/CF 1.4 0.01–1.4 230 6
NiO nanosheets on GS 0.4 Up to 4 1077 18
NiO-SPE 3.22 0.011–2.4 807 3
NiO/graphene 0.7664 0.25–4.75 591 20
Cu2O/CuO@rGO 0.71 1.5 mM–11 mM 431.65 34
Heart/dumbbell-like CuO 4 Up to 0.9 136.92 35
Grass-like CuO 5.5 Up to 0.9 137.17 35
ITO/NiO 5.2 0.01–0.87 41.36 36
NiO/ITO 1.28 mM 0.01–1 1150 37
Ni(II)-MOF/CNTs 2.1 0.01–51.6 115.49 38
Cubic Cu2O 1.61 0.5–8.5 25 39
NiO-MNS 0.62 0.01–0.8 236.67 This work

a CF: carbon foam; NW: nanowires; GS: graphite sheet; SPE: screen printed electrode.
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responses by the injection of 20–800 mM H2O2 at potentials of
0.45 V also with the comparison of NiO-NS and bare GCE
(Fig. 4e). All the electrode shows the current responses towards
successive addition of H2O2. Upon the addition of H2O2, the
steady-state current was obtained in less than 8 s for the NiO-
MNS electrode, which is much faster than NiO-NS (13 s) and
GCE (15.4 s). The corresponding calibration curves for H2O2

detection on the above three electrodes are shown in Fig. 4f. The
bare GCE exhibits a rather low sensitivity (13.6 mA mM�1 cm�2)
towards the H2O2 addition. Contrary to the linear dependences
of NiO-MNS in the H2O2 concentration range of 20–800 mM, the
NiO-NS presents two narrower linear concentration ranges (20–
300 mM and 400–800 mM). Notably, despite the similar sensi-
tivity of NiO-MNS and NiO-NS (236.7 and 218.4 mA mM�1 cm�2,
respectively) at the low concentration range (20–300 mM), the
NiO-MNS electrode maintains such high sensitivity in much
wide concentration range (20–800 mM), but the NiO-NS only
exhibits the much low sensitivity (124.7 mA mM�1 cm�2) in the
high concentration range (400–800 mM). In addition, the limit of
detection (LOD) is also calculated as 0.62 mM for NiO-MNS and
0.80 mM for NiO-NS (signal/noise ¼ 3). These results demon-
strate that the sensitivity depends on the intrinsic activity and
directional electron transport, which is related with the species
and conductivity of sensors, in the low concentration range;
Fig. 5 (a) The chronoamperometric response to the addition of 200
mM H2O2 solution (*) with interfering species (i.e., UA, L-Cys and AA) at
0.45 V. (b) Reusability of the NiO-MNS sensor toward hydrogen
peroxide analysis by CV measurements (with and without 1 mM H2O2

in 0.1 M NaOH solution) for four consecutive weeks.

13406 | RSC Adv., 2018, 8, 13401–13407
however, the facile diffusion of the electrolyte and reactant is
a signicant factor to accelerate the electrochemical response in
the high concentration range. Hence, as for the NiO-MNS
electrode, the nanoarchitectures constructed from the inter-
connected NiO blocks with the dominant mesoporous structure
can offer numerous accessible active sites, facilitate both the
electron and mass transport, and thereby enhance its electro-
chemical performance. We also summarized the sensing
performances of typical non-enzymatic and non-precious metal
electrochemical materials for H2O2 detection. The statistics
reveals that the electrochemical sensing performance of the
NiO-MNS electrode is comparable with the best reported tran-
sition metal oxides materials (Table 1).

To obtain the reproducibility of NiO-MNS, ve parallel
sensors derived from NiO-MNS were tested by chronoampero-
metric measurement (Fig. S6 and S7†). The relative standard
deviation (RSD) is only 4.35%. The selectivity of NiO-MNS to
H2O2 was also investigated (Fig. 5a). The chronoamperometric
responses of NiO-MNS to H2O2 is performed with the injection
of some possible interfering species, including uric acid (UA),
L(+)-cysteine (L-Cys) and ascorbic acid (AA). With the NiO-MNS
electrode at 0.45 V, 20 mM additions of these interfering
species do not exhibit apparent interferences to the detection of
200 mM H2O2, which indicates that the NiO-MNS sensor has
a good selectivity for H2O2 detection and feasible application to
determine H2O2 in real samples. In addition, the reproducibility
of the NiO-MNS electrode was measured by the ve successive
CV results for four consecutive weeks (stored at 4 �C, Fig. 5b).
The attenuation of normalized current is only 4.0%, indicating
that the NiO-MNS sensor possesses remarkable reliability and
stability for practical applications.
4. Conclusions

In summary, this work reports an effective solvothermal
synthetic process with calcination at temperature of 300 �C to
prepare NiO nanospheres which are constructed by the inter-
connected NiO blocks with the dominant mesoporous
This journal is © The Royal Society of Chemistry 2018
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structure. Multiple characterizations are performed to conrm
that the addition of PEG not merely promotes to construct the
interconnected architectures, but also enhance the surface area
with numerous mesopores. Thanks to the plentiful active sites
and large accessible surface area, the NiO-MNS sensor presents
the high sensitivity of 236.7 mA mM�1 cm�2, the wide linear
concentration range of 20–800 mM, the low limit of detection of
0.62 mM, as well as the good selectivity and reliability. Therefore,
the NiO-MNS electrode is promising to be the potential sensor
for the practical and feasible application towards the H2O2

detection. Moreover, the unraveling mechanism of the meso-
pores formation derived from the in situ measurements also
gives the signicant guidance for the future design of porous
materials for other electrochemical devices.
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