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ABSTRACT: A facile synthesis of novel urchin-like NiCo,0,
hierarchical hollow microspheres has been developed based on
a template-free solvothermal and subsequent calcination
method. The growth process of NiCo,0, hollow microsphere
precursors has been investigated, and a plausible mechanism
was proposed. Because of their unique structure and high
specific surface area, these NiCo,0, hollow microspheres
displayed enhanced electrochemical properties in methanol
electrooxidation and determination of heavy-metal ions
compared with solid urchin-like NiCo,0, microspheres,
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Co;0,, and NiO microspheres. The good electrochemical performances suggested that these unique hierarchical NiCo,O,
hollow microspheres could be promising materials for energy and environmentally related applications.
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1. INTRODUCTION

Hollow micro/nanostructured materials with hierarchical
structures have attracted much attention in a wide range of
potential applications, such as energy storage, catalysis, sensors,
drug delivery, and water treatment.'”® Over the past decade,
numerous hollow micro/nanostructured materials with various
morphologies have been synthesized using both template and
template-free methods."® Especially, the template-free method
is believed to be more desirable, facile, and scalable than the
template method.'>"" Despite the fact that great effort has been
made, it is still a big challenge to produce hierarchical hollow
micro/nanostructured mixed-metal oxides with desirable nano-
scale building blocks and secondary architectures for energy
and environmentally related applications.

NiCo,0, as a promising mixed-metal oxide has been widely
investigated for potential applications in lithium-ion batteries,
supercapacitors, electrocatalysts, and optoelectronic devi-
ces.””™" In particular, it has been reported that NiCo,O,
possesses much better electronic conductivity, at least 2 orders
of magnitude higher than nickel oxide and cobalt oxide.'® The
high electronic conductivity is beneficial for fast electron
transfer in an electrode. Recently, there have been many reports
on the synthesis of NiCo,0, with various morphologies. Most
of these researches focused on the synthesis of NiCo,O,
nanoarrays on different conductive substrates.'>'*'%'® In
addition, solid urchin-like NiCo,0, microspheres with
hierarchical structures have also been fabricated.***" Although
few reports have used the template method to synthesize
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hollow nanostructured NiCo,0,,"* there are far fewer reports
on the fabrication of hollow NiCo,0, hierarchical nanostruc-
tures using the temple-free method. Hollow NiCo,0,
nanostructures may greatly improve the performance in
electrochemical applications by offering a high specific surface
area, short diffusion path for ions or electrons, and eflicient
channels for mass transport. Therefore, it is highly desirable but
challenging to develop a facile, environmentally benign, and
template-free method to produce nanostructured NiCo,O,
with hierarchical hollow structures.

Herein, we report a facile template-free solvothermal method
in a mixed solution of isopropyl alcohol (IPA) and water for the
construction of hierarchical urchin-like NiCo,0, hollow
microsphere precursors with nanorods as building blocks. We
observed an interesting structural evolution process from solid
nanoflake-assembled microspheres to hollow microspheres
constructed by nanorods. These NiCo,0, hollow microsphere
precursors were subsequently converted to NiCo,O, hollow
spheres with well-preserved structures. Remarkably, the as-
synthesized hierarchical urchin-like NiCo,0, hollow spheres
with a high surface area of 70 m? g™ exhibited enhanced
electrochemical performances in methanol electrooxidation and
determination of heavy-metal ions (HMIs) compared with solid
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urchin-like NiCo,0, microspheres, urchin-like Co;0, and
urchin-like NiO microspheres.

2. EXPERIMENTAL SECTION

Materials Synthesis. The NiCo,0, hollow microsphere pre-
cursors were synthesized by a simple solvothermal method. All
chemicals were of analytical grade and were used as received without
further purification. In a typical synthesis, Co(NO;),-4H,0 (0.58 g),
Ni(NO;),-6H,0 (0.29 g), and urea (3.6 g) were dissolved in a mixture
of IPA (15 mL) and water (3 mL). The resulting mixture was stirred
for 30 min and then transferred into a 23 mL Teflon-lined stainless-
steel autoclave, which was heated at 120 °C for a period of 12 h in an
electric oven. The synthesis of the solid NiCo,O, microsphere
precursors was similar to that of hollow microspheres, except that 0.54
g of urea and 18 mL of water were used. In the synthesis of Co;0,
microsphere precursors, Co(NO;),-4H,0 (0.58 g) and urea (0.6 g)
were dissolved in water (50 mL) and then transferred into a 60 mL
Teflon-lined stainless-steel autoclave, which was heated at 100 °C for a
period of 12 h. For the synthesis of NiO microsphere precursors,
NiCl,-6H,0 (1.296 g) and urea (2.4 g) were dissolved in water (100
mL) and then transferred into a 125 mL Teflon-lined stainless-steel
autoclave, which was heated at 100 °C for a period of 12 h. The
autoclaves after heating were allowed to cool naturally to room
temperature. The precipitates were collected and washed with water
and ethanol several times by centrifugation and then dried at 80 °C
overnight. All of the as-synthesized intermediate products were
calcined at 350 °C in air for 2 h at a ramping rate of 1 °C min™".

Characterization. X-ray diffraction (XRD) was performed on a D/
MaxIIIA X-ray diffractometer, using Cu Ko (Ag,, = 1.5418 A) as the

radiation source. The scanning electron microscopy (SEM) images
were taken by a FEI Quanta 200 FEG field-emission scanning electron
microscope. Transmission electron microscopy (TEM) image analyses
were carried out on a JEM-2010 microscope. The nitrogen
adsorption—desorption isotherms at 77 K were measured with a
Micromeritics ASAP 2020 M analyzer. The Brunauer—Emmett—Teller
(BET) equation was used to obtain the specific surface areas.
Electrochemical experiments were recorded using a CHI 660D
computer-controlled potentiostat (ChenHua Instruments Co., Shang-
hai, China). A conventional three-electrode system consisted of a
glassy carbon working electrode (GCE; 3 mm diameter), an Ag/AgCl
or saturated calomel electrode (SCE) as the reference electrode, and a
platinum wire as the counter electrode.

Fabrication of a Modified Electrode. Prior to modification, the
bare GCE was sequentially polished with 0.3 and 0.05 gm alumina
powder slurries to a mirror shiny surface and then successively
sonicated with a 1:1 HNO; solution, ethanol, and deionized water for
2 min in order to remove any adsorbed substances on the electrode
surface. A total of 10 mg of the as-synthesized materials was dispersed
in a mixture of 0.1 mL of Nafion and 0.9 mL of water with ultrasonic
agitation to give a homogeneous solution. A total of 10.0 uL (for
methanol electrooxidation) or 4.0 yL (for HMI detection) of the
homogeneous solution was dripped onto the surface of a freshly
polished GCE and then evaporated at room temperature in air.

Electrochemical Measurements. The electrochemical perform-
ance of these modified electrodes for methanol oxidation was
evaluated using cyclic voltammetry (CV), chronoamperometry, and
electrochemical impedance spectroscopy (EIS) measurements with
SCE as the reference electrode. The electrolyte for methanol
electrooxidation tests was 1 M KOH with 0.5 M methanol. EIS tests
were performed at open-circuit potential with an alternating-current
amplitude of 10 mV, and the frequency range was from 100 kHz to 10
mHz. The electrochemical detection of HMIs was carried out in
square-wave stripping voltammetry (SWASV) mode in 0.1 M NaAc—
HAc solution (pH 5.0). A deposition potential of —1.2 V was applied
for 120 s to the working electrode under stirring. The SWASV
responses were recorded with a step potential of 4 mV, an amplitude
of 25 mV, and a frequency of 10 Hz. A desorption potential of 0 V for
120 s was used to remove the residual metals on the surface of the
electrodes under stirring conditions.
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3. RESULTS AND DISCUSSION

XRD measurement was used to identify the chemical
composition and phase of the final products. The obtained
diffraction peaks labeled in Figure la agreed well with the
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Figure 1. (a) XRD pattern, (b) SEM image, and (c) TEM image of
the as-synthesized NiCo,0, hollow microspheres. (d) Magnified view
of the area marked by a rectangle in panel c.

standard patterns of the spinel NiCo,O, phase (JCPDF card
no. 20-0781)."%*° The product was highly pure because no
peaks of any impurity phase could be observed from this
pattern. The morphology of the as-synthesized NiCo,O,
microspheres was observed by SEM. As shown in Figure 1b,
the obtained microspheres were uniform with a diameter of
about 2—3 um. The urchin-like hierarchical structures with
numerous nanorods radially grown on the surface can be clearly
seen. As seen from some broken microspheres (Figure S1 in
the Supporting Information, SI), it could be observed that the
microspheres were hollow. The interior structure of these
microspheres was further investigated by TEM (Figure 1c),
where a large void space can be clearly seen.

The TEM image (Figure 1d) taken from the marked area of
Figure lc revealed the shell structure of the hollow micro-
spheres. It can be seen that the nanorods with a diameter of
about 20 nm and a length of about 300 nm were porous and
composed of small nanoparticles. As revealed by the nitrogen
adsorption—desorption measurement, the hollow urchin-like
microspheres gave rise to a relatively high BET specific surface
area of about 70 m* g~' with a broad pore-size distribution and
a high pore volume of 0.46 cm® g~' (Figure 2).

The uncalcined microsphere precursors solvothermally
prepared in a mixed solution of IPA (1S mL) and water (3
mL) were characterized by SEM and TEM (Figure 3). It can be
observed that there appeared to be no noticeable structural
change caused by the calcination process. However, the
nanorods on the surface of the microsphere precursors were
smooth before calcination (inset in Figure 3). The XRD pattern
(Figure S2 in the SI) of the microsphere precursors revealed
the diffraction of cobalt—nickel bimetallic carbonate hydroxide.

To investigate the effect of the relative amounts of IPA and
water in the mixed solvent, the amount of urea, and the
temperature on the product morphology, a series of experi-
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Figure 2. Nitrogen adsorption—desorption isotherm of the NiCo,O,
hollow microspheres. The inset shows the pore-size distribution from
the corresponding adsorption branch.

Figure 3. (a and b) SEM and (c and d) TEM images of the hollow
NiCo,0, precursor. The inset in panel d shows the TEM image of the
magnified surface of the microspheres.

ments were carried out by varying the volume ratio of IPA, the
amount of urea added, and the solvothermal temperature while
keeping other conditions unchanged (Figures S3 and S4 in the
SI). In the present solvothermal system, the amount of IPA was
found to play an important role in the formation of hollow
microsphere precursors. When the amount of IPA was lower
than 13 mL or up to 17 mL, no hollow structures were

obtained (Figure S3 in the SI). When the urea added was 0.9 or

1.8 g, hollow microsphere precursors were not formed either
(Figure S4a,b in the SI). In addition, higher temperature (>140
°C) led to the collapse of the hollow structures (Figure S4c—e
in the SI). These observations suggested that a proper amount
of IPA and urea and low solvothermal temperature were
essential for the formation of hollow microsphere precursors.
Time-dependent experiments were performed to understand
the formation process of such interesting hierarchical urchin-
like hollow microsphere precursors. The morphologies of the
products after solvothermal treatment for difference time
intervals were characterized by SEM. As shown in Figure 4a,
solid nanoflake-assembled microspheres were obtained after a
reaction duration for 0.5 h. Interestingly, short and not well-
developed nanorods were found to assemble onto the surface of
the nanoflakes after solvothermal treatment for 3 h (Figure 4b).
As shown in Figure 4c, york-shelled microsphere precursors
were obtained when the reaction duration was extended to 9 h.
After the reaction time was prolonged to 12 h, urchin-like
microspheres with completely hollow interior can eventually be
obtained (Figure 4d). These results revealed that recrystalliza-
tion took place at the exterior surface of the microspheres and
growth of the nanorod structure on the shell was accompanied
by consumption of the interior core. The transformation from
solid to hollow particles is usually based on the so-called inside-
out Ostwald-ripening process, in which the outer crystalline
shells grow on the solid particles accompanied by continuous
dissolution and recrystallization of the interior structures.'®'!
The growth of nanorods on the surface of the microspheres and
the slight diameter increase of the microspheres with prolonged
solvothermal treatment also verified the inside-out Ostwald-
ripening process.'’ On the basis of the above experimental
observations, a plausible formation mechanism of such
hierarchical urchin-like hollow microsphere precursors was
proposed (Figure 4e). Cobalt—nickel bimetallic carbonate
hydroxide nanoparticles were initially formed by the reaction
of metal cations (Co** and Ni**) with CO,;> and OH™ anions
slowly released from the hydrolysis of urea in an aqueous
solution. Then these nanoparticles self-assembled into solid
microspheres composed of flakelike subunits in stage I. After
that, the nanoflake-assembled microspheres underwent the first
inside-out Ostwald-ripening and recrystallization process, and
at the same time, nanorods began to grow on the surface of the
nanoflakes (stage II). Upon a further increase in the reaction
time, the second inside-out Ostwald-ripening and recrystalliza-
tion process occurred, which resulted in the formation of a

Figure 4. (a—d) SEM images of the products obtained after reaction for (a) 0.5, (b) 3, (c) 9, and (d) 12 h. Scale bar: 1 ym. (e) Schematic illustration
of the formation process of the NiCo,O, hollow microsphere precursor: (I) self-assembly process; (II) first inside-out Ostwald-ripening and
recrystallization process; (III) second inside-out Ostwald-ripening and recrystallization process; (IV) thorough dissolution and recrystallization.
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Figure 5. CV curves of NiCo,0,, Co;0,, and NiO modified electrodes in 1 M KOH without (a) and with (b) 0.5 M methanol at a scan rate of S0
mV s~ (c) Chronoamperometry curves of NiCo,0, and NiO modified electrodes in 1 M KOH with 0.5 M methanol at 0.6 V. (d) CV curves of
hollow NiCo,0, modified electrodes measured at different cycles in 1 M KOH with 0.5 M methanol at a scan rate of S0 mV s

yolk-shelled structure (stage III). The hollowing process
continued with longer reaction durations until completely
hollow NiCo,0, microsphere precursors with well-defined
urchin-like structures were obtained (stage IV).

For comparison, solid urchin-like NiCo,0O, microspheres,
urchin-like Co;0,, and NiO microspheres were prepared by
hydrothermal and subsequent calcination methods. The XRD
patterns of solid NiCo,O, microsphere precursors, Co;0,, and
NiO microsphere precursors were similar to that of hollow
NiCo,0, microsphere precursors with metal carbonate
hydroxide phases (Figure S2 in the SI). Their urchin-like
morphologies were revealed by SEM images (Figure SS in the
SI). After calcination, all of these microsphere precursors were
transformed into metal oxide phases (Figure S6 in the SI) and
their morphologies changed little (Figure S7 in the SI). In
addition, the specific surface area of the solid NiCo,0,
microsphere precursors was about 54 m* g”' with a narrow
size distribution and a pore volume of 0.18 cm® g~' (Figure S8
in the SI).

In order to demonstrate the advantages of this unique hollow
urchin-like structure, the electrochemical properties of these
hollow NiCo,0, microspheres were investigated and the
performances were compared with solid urchin-like NiCo,O,
microspheres, urchin-like Co;0,, and NiO microspheres. The
electrochemical performances of NiCo,0,, Co;0,, and NiO
modified electrodes were first investigated using CVina 1 M
KOH solution (Figure Sa). From Figure Sa, we can see that the
hollow NiCo,0, microsphere modified electrode exhibited the
largest enclosed area and the highest redox peak current,
indicating its better electrochemical activity than solid urchin-
like NiCo,0, microspheres, urchin-like Co;0, and NiO
microspheres. The charge-transfer processes of solid-state
redox couples of Co*"/Co*" (Co;0,/CoOOH) and Ni**/
Ni** (NiO/NiOOH) contributed to these richer redox peaks of
spinel NiCo,0,.'*** The charge-transfer resistance of these
modified electrodes was also investigated using EIS tests in 1 M
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KOH. As shown in Figure S9 in the SI, the Nyquist diagram
mainly consisted of two parts: a semicircle at high frequency
corresponding to the charge-transfer resistance and a trail at
low frequency correlated with the redox capacitive behavior of
NiO and Co0;0,."> As shown in the inset of Figure S9b in the
SL, R, C, and R, in the fitted equivalent circuit corresponded to
the charge-transfer resistance in the electrode and at the
electrode/electrolyte interface, pseudocapacitance (or redox
capacitance), and solution resistance, respectively.13 The low
R, value corresponding to a small diameter of the semicircle at
high frequency implied fast electron or ion transfer.'> The
Nyquist diagram of NiCo,0, modified electrodes showed a
much smaller semicircle than Co;0, and NiO modified
electrodes, suggesting that the charge-transfer rate of
NiCo,0, was higher than that of Co;0, and NiO (Figure S9
in the SI).

Preliminary investigation of methanol electrooxidation at
modified electrodes showed that NiCo,0, and NiO modified
electrodes exhibited strong oxidation currents in the presence
of 0.5 M methanol compared with the CV in the absence of
methanol (Figure S10 in the SI). However, the Co;0, modified
electrode in the presence of 0.5 M methanol showed little
increment in the oxidation current (Figure S10 in the SI),
reflecting little electrochemical reactivity for methanol
oxidation.”” Figure $b showed a comparison of the CV curves
obtained at hollow NiCo,0,, solid NiCo0,0, and NiO
microsphere modified electrodes in the presence of 0.5 M
methanol. The methanol oxidation current for the hollow
NiCo,0, microsphere modified electrode at 0.6 V was about 2
and S times that of solid NiCo,0, and NiO microsphere
modified electrodes, respectively. Furthermore, the hollow
NiCo,0, microsphere modified electrode exhibited a lower
overpotential compared with solid NiCo,0, and NiO micro-
sphere modified electrodes. The relatively high oxidation
current and low onset potential well evidenced the high
electrocatalytic performance of these hollow NiCo,0O, micro-
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Figure 6. (a) SWASV curves of NiCo,0,, Co;0,, and NiO modified electrodes in response to 1 uM Pb" and 1.1 uM Cu", respectively. (b and c)
SWASV curves and corresponding calibration plots (inset in the panel) of Pb" and Cu" on hollow NiCo,0, modified electrodes. (d) Stability study

of the hollow NiCo,0, modified electrodes toward 1 uM Cu'™.

spheres for methanol electrooxidation.'*** The methanol
electrooxidation stabilities of these metal oxides were measured
by chronoamperometry at 0.6 V for consecutive 1000 s (Figure
Sc). Although there was a current decay in the first SO s, the
hollow NiCo,0, microsphere modified electrodes showed a
high stability in the next 950 s. Furthermore, the hollow
NiCo,0, microsphere modified electrodes exhibited the
highest current compared with solid NiCo,0, and NiO
microsphere modified electrodes. The long-term stability of
the hollow NiCo,0, microsphere modified electrode was also
examined using CV tests. The CV plots were so stable that
about 85% of the current density at 0.6 V was retained after 500
cycles (Figure 5d). The above results illustrated that the novel
urchin-like NiCo,0, hollow structures exhibited high electro-
chemical reactivity and long-term stability for methanol
electrooxidation.

HMIs in water pose a great threat to the health of human
beings. The electrochemical method has been regarded as one
of the most effective and efficient techniques in the detection of
HMIs in water.>>™>° In addition, we have shown that nanoscale
metal oxides are excellent modifiers for electrodes for HMI
determination considering their higher adsorption capacity for
HMIs.>® To further verify the enhanced electrochemical
properties of novel hierarchical NiCo,0O, hollow microspheres,
we then investigated their performance in the electrochemical
determination of HMIs. To the best of our knowledge, there
are few reports on the utilization of mixed-metal oxides for the
electrochemical determination of HMIs. We first examined the
SWASYV responses of NiCo,0,, Co;0,, and NiO microsphere
modified electrodes toward 1 4uM Pb" and 1.1 yM Cu” in 0.1
M NaAc-HAc (pH $.0; Figure 6a). In the detection of Pb", a
strong and well-defined peak at —0.548 V can be clearly seen
for hollow NiCo,0, microsphere modified electrodes.”® The
peak current obtained from hollow NiCo,O, microsphere
modified electrodes was higher than that of solid NiCo,O,
microspheres, Co;0,, and NiO microsphere modified electro-
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des. A similar trend can be found in the SWASV responses of
these modified electrodes toward Cu". Moreover, the stripping
peak shifted toward more positive potential in both Pb" and
Cu" determination, suggesting that HMIs can be more easily
swept from the hollow NiCo,0, microsphere modified
electrodes compared with other electrodes.”® Figure 6b shows
the SWASV responses of hollow NiCo,0, microsphere
modified electrode toward Pb" at various concentrations, and
the corresponding calibration curve was derived accordingly
(inset in Figure 6b). The stripping peak currents are
proportional to the concentration of Pb" from 0.2 to 1.2 uM.
The linearization equation was i/pA = —2.66 + 26.97¢c/uM,
with a correlation coefficient of 0.994. The limit of detection
(LOD) was calculated as 0.089 uM (36 method), and the
sensitivity reached 26.97 uA uM™'. The SWASV responses of
the hollow NiCo,0, microsphere modified electrode toward
Cu" over a concentration range of 0.1—1.1 yM are shown in
Figure 6¢c. The linearization equation was i/uA= —120 +
12.35¢/uM with a correlation coefficient of 0.992. A sensitivity
of 12.35 uA uM ™" and a LOD of 0.099 uM (36 method) were
obtained for Cu". The NiCo,0, hollow microsphere modified
electrode showed much higher sensitivity than nanoscale
carbon, other metal oxides, and nanoscale carbon—metal
oxide nanocomposites. For example, it exhibited much higher
sensitivity for Pb" detection than O,-plasma-functionalized
multiwalled carbon nanotubes (3.55 uA uM™')*” and AIOOH-
reduced graphene oxide nanocomposites (2.97 pA uM™).28
Also, it showed higher sensitivity for Cu" detection than SnO,
tube-in-tube nanostructures (1.54 A uM™')” and SnO,/
reduced graphene oxide nanocomposites (5.17 pA uM).»
The selectivity of the hollow NiCo,0, microsphere modified
electrode was better investigated by observing the stripping
currents of six HMIs (Cr'™, Zn", Cd", Pb", Cu', and HgH;
Figure S11 in the SI). It was obvious that the stripping current
of 1 uM Pb" or 1.1 uM Cu" was much higher than that of 30-
fold other HMIs, indicating the excellent selectivity of this
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electrode toward Pb" and Cu'. To evaluate the stability of the
hollow NiCo0,0, microsphere modified electrode for HMI
detection, a series of 20 times repetitive measurements of the
SWASV response toward 1.0 uM Cu" were carried out. As
shown in Figure 6d, the stripping current of the electrode was
highly reproducible with a relative standard deviation of 0.53%.
For evaluation of the potential practical application of the
modified electrode, a test on the real water samples has been
carried out. The real sample was taken from Dongpu Reservoir
in Hefei City, Anhui Province, China. The sample water was
diluted with a 0.1 M NaAc-HAc solution (pH 5.0) in a ratio of
1:9, and no further treatment was done. Standard additions of
Pb" and Cu" were performed in the diluted sample to
determine the concentrations of Pb" and Cu" in real water. On
the basis of the standard-additions method, the concentrations
of Pb" and Cu" in the real sample were calculated to be 3.7 and
2.6 nM. The recovery obtained further demonstrated that the
proposed modified electrodes have good practical application
potential (Table S1 in the SI). Therefore, the hollow NiCo,O,
microsphere modified electrode had excellent sensitivity,
selectivity, stability, and real application potentials for repetitive
stripping measurements of HMIs.

Such remarkable electrochemical performances in methanol
electrooxidation and HMIs detection might be attributed to the
unique urchin-like NiCo,0, hollow structures providing several
major advantages, as shown in Figure 7: (1) The high specific

Synergistic effect]

iCo and Ni species

Figure 7. Scheme for the advantages of this novel urchin-like NiCo,O,
hollow nanostructure.

surface area and hollow interior increased the contact area of
the electrode/electrolyte interface and provided more active
sites for electrochemical reactions. (2) The nanorod building
blocks can provide an efficient transport path for ions or
electrons because of the short diffusion length and high
porosity. (3) The higher electronic conductivity of the mixed
spinel oxides accelerated the ion or electron transfer at the
electrode/electrolyte interface. (4) The synergistic effect of
cobalt and nickel species contributed to the higher electro-
chemical reactivity. The detailed and insightful study into the
synergistic effect is ongoing.

4. CONCLUSIONS

In summary, we have developed a simple template-free
solvothermal method for the synthesis of hierarchical urchin-
like NiCo,0, hollow microsphere precursors in an IPA—water
system. The initially formed microsphere precursors were
observed to undergo an interesting hollowing process. These
hollow microspheres can be easily converted to NiCo,O,
hollow microspheres by thermal decomposition with a well-
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maintained structure. In view of their unique structural
advantages, the electrochemical performances of these as-
synthesized NiCo,0, hollow microspheres were evaluated for
methanol oxidation and HMIs detection. The novel urchin-like
hollow structures enabled full exposure of the active sites to the
electrolyte and provided a short diffusion path for both
electrons and ions, thus leading to faster kinetics, lower
overpotential and higher electrocatalytic reactivity for methanol
oxidation, and higher sensitivity and lower LOD for HMIs
detection.
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