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A pomegranate-inspired bifunctional electrode material based on Ni/NiO nanoparticle embedded in nitrogen-
doped, partially graphitized carbon framework (Ni/NiO@NPGC) was designed and prepared for the construc-
tion of novel electrochemical biosensor and methanol oxidation reaction (MOR). Profiting from itss-
pecial structure and function, Ni/NiO@NPGC was employed as a matrix immobilizing acetylcholinesterase
(AChE) for methyl parathion (MP) sensor. The developed biosensor was proved to have wide linear range (1.0 x
101%1.0 x 108 g mL™1), low detection limit (3.5 x 10™® g mL™1), and good stability for the determination of MP
in practical samples. In addition, the Ni/NiO@NPGC electrode exhibited high electrocatalytic activity (specific
activity 73.1 mA ecm~2) and durability for the MOR in alkaline medium. The results were mainly attributed to the
pomegranate-like architecture structure with pyridinic N and carbon frame of Ni/NiO@NPGC, which ensured the
electrochemical activities of all nanoparticles and immobilization of enzyme. In addition, the metal oxide was
well dispersed to prevent from self-agglomeration and kept mass transfer paths. The work provides a reference

for the development of high-performance bifunctional electrode material for the biosensor and MOR.

1. Introduction

Electrochemical biosensors have been attractive for decades because
of their high sensitivity, on-site analysis, quick response, and relatively
cheaper instrumentation [1-3]. However, these biosensors could suffer
from lower loading capacity and more leakage of enzymes molecules
[4]. Therefore, it is effortful to search electrode materials with better
biocompatibility and higher electrochemical activity for enzyme
immobilization to improve the sensitivity and stability of biosensors. In
addition, direct methanol fuel cells (DMFCs) are universally concerned
as promising renewable energy [5,6]. As the MOR is the critical process
for DMFGCs, it is essential to design and synthesize efficient electro-
catalyst for MOR [7]. Currently, precious metal-based electrode mate-
rials such as Pt, Pd, and Au as well as alloys have been industriously
studied, which showed good electrocatalytic properties [8,9]. However,
the high costs of those catalysts slowed down their widespread appli-
cation [10]. Consequently, a considerable number of researches focus on
non-noble electrocatalysts for MOR.

Non-precious transition metals (Co, Ni, Fe et al.) and relative mate-
rials have gained extended attention working as electrode materials,
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which attributed to low cost, wide potential window, high electronic
conductivity and electrocatalytic activity towards a considerable
amount of redox species and biosensors [11-13]. Among these mate-
rials, Ni and NiO are relatively important subjects for electrocatalytic
oxidation and biosensing. For example, Tyagi et al. designed a bio-
electrode based on NiO nanorods for the development of an efficient
urea biosensor [13]. Nevertheless, these proposed materials have
experienced counterproductive catalytic activity due to self-aggregation
and constitutionally poor electrical conductivity.

Generally, for the immobilization of enzymes and the catalytic re-
action, the performance of electrode materials is determined by the
surface structure and chemical composition [14]. To address this
importance, nanomaterials with multiple morphologies have been
designed to produce more catalytic active sites and improve diffusion of
reactive species [15,16]. In addition, conductive carbon materials have
also been brought into catalysts to improve the conductivity and struc-
tural stability of catalysts [17,18]. For instance, the Co304 nanocrystal/
rGO exhibited excellent catalytic activity derived from synergetic
chemical coupling effects [18]. Recent research has shown that metal-
based core-shell nanoparticles (NPs) and nitrogen-doping can
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Fig. 2. (A) Schematic of the procedure for Ni/NiO@NPGC ; (B-G) SEM images of Ni(OH),-glycerate (B and C), Ni(OH),-glycerate@CN (D and E), Ni/NiO@NPGC (F
and G); (H) the TEM of Ni/NiO@NPGC; (I-L) the HRTEM of Ni/NiO@NPGC.
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Fig. 3. (A-K) XPS results of the Ni(OH),-glycerate, Ni(OH)»-glycerate@CN and Ni/NiO@NPGC samples: (A-C) Ni 2p spectra, (D-F) Cls spectra, (G-I) O1s spectra, the
left, middle and right columns are the results from the Control, PCNS-4 and PCNS samples, respectively, (J-K) N1s spectra of Ni(OH),-glycerate@CN (J) and Ni/
NiO@NPGC (K); (L and M) X-ray diffraction pattern of the Ni(OH),-glycerate, Ni(OH),-glycerate@CN and Ni/NiO@NPGC samples; (N) Raman spectra of the Ni/
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NiO@NPGC; (O) Nitrogen adsorption-desorption isotherm and pore size distribution of Ni/NiO@NPGC.

remarkably accelerate the electron transfer in the electrocatalytic re-
action [19]. Although there are many studies on the subject, reasonable
design strategy and efficient improvement of needed high-performance

electrode materials for the immobilization of enzyme and catalytic re-
action are yet limited.

Herein, a novel pomegranate-inspired nanomaterial with nitrogen-
doped and graphitized carbon framework (Ni/NiO@NPGC) was
designed, prepared and characterized. Moreover, the Ni/NiO@NPGC
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was utilized as an immobilization matrix for AChE biosensor. Meantime,
methanol was selected as a target molecule to investigate the electro-
catalytic activities of the material in the alkaline solution.
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dried under vacuum at 80 °C.
Table 1

Comparisons of the proposed biosensors to detect methyl parathion with other
biosensors reported.

Biosensors Linear range Detection limit References
AChE-LDH/GCE 0.005-0.3 x 10%and 0.6 x 107 [33]
0.3-4.0 x 10°® gmL~!
g-mL’1
AChE/AuNPs-CSs /BOD 2.6 x 10226 x 100 1.3 x 10" [34]
6 g-mL’1 g-mL’1
NF/AChE / NF-NiCo,S,/ 107210 g-mL ™! 4.2 x 1013 [35]
CPE g-mL~!
NF/AChE/NF-Ni/ 101410® gmL ™! 3.5 x 101% This work
NiO@NPGC/CPE g-mL™!

2. Material and methods

2.1. Synthesis of Pomegranate-Like Nanocomposites.

Ni(NO3)2-6H20 (0.112 g) and glycerol (8.0 mL) were dissolved in
isopropanol (40 mL), then transferred to autoclave (50 mL) and kept at
180 °C for 6 h. The obtained light green powder (Ni(OH),-glycerate) was

For the synthesis of Ni/NiO@NPGC nanocomposites, Ni(OH)»-glyc-
erate powder was well dispersed in isopropanol (40 mL), and then added
glucose solution (1.0 M, 4.0 mL), urea (0.480 g), and glycerol (8 mL) and
homogeneous dispersion. The mixture was transferred to a 50 mL
autoclave and kept at 180 °C for 4 h. The precipitate (Ni(OH)»-glycer-
ate@CN) was separated by centrifugation and washing, respectively.
The fine dark brown powder obtained after drying under vacuum at
80 °C was annealed under Ny atmosphere at 700 °C (5 °C/min) for 200
min to get the final product.

2.2. Preparation of the modified electrodes.

Fig. 1A illustrates the process by which AChE are immobilized on Ni/
NiO@NPGC modified electrode to obtain AChE/ NF-Ni/NiO@NPGC/
CPE. A detailed description of the preparation process and the detec-
tion of methyl parathion (MP) as well as calculation procedure are
shown in the Supporting Information S1 and S2.

The GCE modified electrodes were prepared as follows: A GCE was
polished with AlyO3, and washed with water. 3 mg Ni/NiO@NPGC
catalyst, 800 pL deionized water and 50 pL NF (0.5 wt%) solution was
mixed to obtain the catalyst slurry. Then, 10 pL slurry was spread on a
freshly polished GCE and dried to obtain NF-Ni/NiO@NPGC/GCE
(Fig. 1B). The diameter of the GCE was 3 mm, and the geometric sur-
face area was 0.0706 cm>.
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3. Results and discussion
3.1. Composition and structural Characterization.

The preparation process of pomegranate-like nanocomposites is
illustrated in Fig. 2A, which involves the directed growth of
pomegranate-like Ni nanocomposites inside Ni(OH),-glycerate@CN,
subsequently pyrolyzed to achieve seeds embedded in the carbon layer.
From the scanning electron microscopy (SEM) image in Fig. 2B, it is
observed that Ni(OH)»-glycerate nanoparticles possesses many particles
varied in size. The irregular spherical shape of the Ni(OH),-glycerate is
observed in its SEM images recorded at high magnification (Fig. 2C).
Fig. 2D and E display the SEM and magnified SEM images of uniform
pomegranate-like Ni(OH),-glycerate@CN that possesses spherical

morphology with smooth surface, which results from Ni(OH),-glycerate
nanoparticles encapsulated by the nitrogen-doped carbon framework.
Fig. 2F and G show SEM images of the resulting Ni/NiO@NPGC com-
posite. As shown in high-magnification SEM (Fig. 2G), the porous
structure on the Ni/NiO@NPGC ball was successfully obtained by
thermal decomposition of Ni(OH),-glycerate@CN. Furthermore, Fig. 2H
displays a transmission electron microscopy (TEM) image of the com-
posites where a pomegranate-like construction was found with seeds
embedded in the carbon layer. The high-resolution TEM (HRTEM) im-
ages display that the carbon layer is highly graphitized and the Ni/NiO
can also be easily identified (Fig. 2I and J). The graphitization takes
place in the appearance (Fig. 2K) and within the whole composite
spheres (Fig. 2I), forming highly conductive carbon framework. Note-
worthily, the carbon layer is still porous, which will benefit to mass
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transfer in electrode reactions. The HRTEM image (Fig. 2L) shows a d-
spacing of 0.207 nm encapsulated seeds, which corresponds to the
interplanar distance of (111) planes of Ni [20]. Because the nano-
particles were implanted in the conductive carbon layer, the conduc-
tivity of the composite electrode material can be ameliorated obviously.

The XPS survey spectra of Ni/NiO@NPGC and Ni(OH),-glycer-
ate@CN are formed of several peaks, including the elements of Ni, C,
and O. No N peak are observed in the profile of Ni(OH)»-glycerate (Fig.S-
1A). The intensity of N peak is small in Ni(OH),-glycerate@CN (Fig.S-
1B), NiO/Ni@NPGC (Fig.S-1C), indicating that the content of doped
nitrogen in the above materials is low. A typical energy dispersive
spectroscopy (EDS) spectrum of Ni/NiO@NPGC is shown in Fig. S-1D,
the compositions calculated from EDS is consistent with the XPS results.
In development, the Ni 2p XPS of Ni(OH),-glycerate in Fig. 3A and Ni
(OH),-glycerate@CN in Fig. 3B show a doublet at 873.9 and 856.1 eV,
corresponding to Ni2* 2p;/, and Ni?* 2ps/s, respectively [21]. By
comparison, the Ni 2p XPS spectrum of Ni/NiO@NPGC shows two major
peaks centered around 872.2 and 855.5 eV (Fig. 3C), which is the
characteristic of a NiO phase. In addition, the Ni 2p XPS spectrum of Ni/
NiO@NPGC also shows two peaks centered around 870.2 and 852.6 €V,
which are the feature of a Ni phase [22], corresponding to Ni’ 2p; ;5 and
Ni® 2p3,/2. For Ni(OH),-glycerate, the Cls (Fig. 3D) can be disassembled
into two peaks centered at 285.6 and 282.4 eV, assigned to C-O and C-C
bond, respectively [23]. The C 1s spectrum of Ni(OH),-glycerate@CN
(Fig. 3E) can also be deconvoluted into three peaks centered at 285.9,
284.7 and 283.1 eV, assigned to C-N, C-O, and C-C bond, respectively,
which indicates the existence of N element. The deconvoluted C1s peak
of Ni/NiO@NPGC (Fig. 3F) consists of mainly three individual peaks
that are assigned to C-C, C-N (284.9 eV), and O = C-N, respectively,
which indicates the existence of O = C-N type of structures [24]. The O
1s spectra of Ni(OH),-glycerate and Ni(OH)g-glycerate @CN (Fig. 3G
and H) can be deconvoluted into two peaks located at 532.2 and 531.2
eV, corresponding to C-O and Ni-OH groups [25]. By comparison, the
deconvoluted O 1s peak of Ni/NiO@NPGC (Fig. 3I) consists of mainly
three individual peaks that are assigned to C-OH, —~OH (529.9 eV), and
Ni-O (528.2 eV), respectively, which indicates the existence of Ni-O-Ni
type of structures [26]. Fig. 3J shows that the N1s spectrum of Ni
(OH),-glycerate@CN can be interpreted into three characteristic peaks
located at 397.7, 399.4, and 402.7 eV, assigning to nitrogen species
(pyridinic, pyridonic and pyrrolic, nitrogen oxides) with the content of
22.6, 69.8, and 7.6%, respectively [27]. Interestingly, the N1s spectrum
(Fig. 3K) acquired for Ni/NiO @NPGC exhibits N peak (pyridonic and
pyrrolic nitrogen) at 400.1 eV. The analysis results shows clearly that
the area of N-pyridonic and N-pyrrolic peak considerably decreases
(from 69.8 to 46.5%), pyridinic nitrogen peak (at 397.9 eV, peak area
changes from 22.6 to 37.4%) and nitrogen oxides peak considerably
increases (at 403.1 eV, peak area changes from 7.6 to 16.1%), demon-
strating that N-pyridonic and N-pyrrolic are converted to pyridinic ni-
trogen. According to previous reports, the contribution of N-doped states
to the electrochemical performance of Ni/NiO@NPGC can be explained
as follows [28]. On the one hand, the graphitic N can generate more
defects which offer additional electrons transport channels for active
sites of the Ni/NiO@NPGC. On the other hand, the pyridinic N with the
lone pair of electrons is electrochemically active, which can easily
conjugate with the carbon n-rings [24].

The composition of materials were displayed by XRD analysis
(Fig. 3L and Fig. 3M). The Ni(OH), phases were verified in the Ni(OH),-
glycerate and Ni(OH),-glycerate@CN [29]. The cubic NiO and metallic
Ni phase with strong diffraction peaks were confirmed in the Ni/
NiO@NPGC. It was consistent with the XPS and HRTEM results. The
Raman spectra of Ni/NiO@NPGC is shown in Fig. 3N where two peaks at
1340 and 1580 cm ! correspond to the D and G bands of carbon [30]. In
the Ni/NiO@NPGC, the intensity ratio (Ip/Ig) value is 1.08, implying the
carbon composite was highly graphitized.

Moreover, the porous structure on the Ni/NiO@NPGC ball is
confirmed by nitrogen adsorption-desorption isotherm and pore size
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distribution (Fig. 30). The BET surface area of Ni/NiO@NPGC is
calculated as 229.41 m? g1, much larger than that of capsule-like NiO
nanoparticles (48.9 m? g’l) [31] and Porous NiO Film (95 m? g’l) [32].
It was seen from the inset that its pore size is about 50 nm.

The Ni/NiO@NPGC with distinct pomegranate-like structure supply
some advantages: 1) the metal oxides can be separated enough to pre-
vent from self-agglomeration but keep the mass transfer paths at the
same time, which further help to preserve the electrocatalytic activities;
2) the carbon frame of the structure serves as electron tunnels and
connecting backbones, which ensure the electrochemical activities of all
nanoparticles; 3) the active sites for electrochemical processes are
located at Ni/NiO nanocrystals seeds with low dimension and large
surface area; 4) the better environment to load enzymes can be achieved
due to the Nitrogen-doped, partially graphitized carbon layer, which not
only offers enhanced conductivity, chemical stability, and increased
electrocatalytic activity, but also extended surface area as well as decent
amount of mesoporous area [28]. The above advantages of as-prepared
material are beneficial to the immobilization of the enzyme and meth-
anol oxidation.

3.2. Electrochemical behaviors of AChE modified electrodes and methyl
parathion determination.

The constituents of the biosensor (the amount of NF-NiO/Ni@ NPGC
and enzyme) and the test conditions (pH and inhibition time) play a
crucial role in realizing good analytical performance (See Fig.S-2 in
Supporting Information). As a result, 0.216 U of AChE, 6 pL of NF-NiO/
Ni@NPGC, a pH 7.5 of PBS, and 12 mins of the incubation time were
chosen as subsequent experiment conditions.

3.2.1. Electrochemical behaviors of AChE modified electrodes.

As shown in the Nyquist plots (Fig. 4A), the charge transfer resis-
tance (Rer) of Ni/NiO@NPGC/CPE is much smaller than NF/Ni/
NiO@NPGC/CPE, NF/AChE /NF/Ni/NiO@NPGC/CPE and bare CPE,
suggesting the high electric conductivity of Ni/NiO@NPGC. When the
AChE was immobilized on the surface of NF/Ni/NiO@NPGC/CPE, it was
observed that the Re; increased obviously. This phenomenon is attrib-
uted to the dielectric behavior of AChE enzyme molecules.

Fig. 4B represents the DPVs of different modified electrodes in PBS.
No signal was observed at different modified electrodes for the lack of
ATCL After 1.5 mM ATCI was added into the PBS, there is a prominent
oxidation peak at NF/AChE/NF-Ni/ NiO@NPGC/CPE. The electro-
chemical response comes from the oxidation of thiocholine (TCh). The
pomegranate-like ball structure consists of porous ‘pomegranate shell’
and the good conductivity of ‘pomegranate seeds’, which not only pro-
vide more space to increase AChE immobilization amount, but also
facilitate the accessibility of electron transfer. The influence of the scan
rate on the CV performance of AChE electrode was explored in 1.5 mM
ATCL. As can be seen from Fig. S-3, the anodic peaks intensity linearly
increased with increasing scan rate from 0.02 to 0.3 V-s~!, which means
this is a surface-controlled process.

3.2.2. Methyl parathion (MP) determination.

The DPV curves of NF/AChE/NF-NiO/Ni@NPGC/CPE biosensor
upon additions of MP are shown in Fig. 4C. When add the MP in the
incubation continually, the electrochemical response decreased gradu-
ally. From Fig. 4D, the linear range was found to be 1.0 x 10™1* ~ 1.0 x
108 g-mL’1 with the limit of detection (LOD) 3.5 x 10°!° g~mL’1 1.2 x
10714 M) for MP. Compared with other AChE biosensors listed in Table 1,
the present NF/AChE/NF-NiO/Ni@ NPGC/CPE biosensor could be used
in the detection of MP at low concentration.

The manufactures reproducibility for the effective biosensor was
accomplished by comparing their electrochemical response for ATCL.
The RSDs obtained were 4.8 % (n = 6), which means that a superior
reproducibility of the biosensor. After being stored at 4 °C in the
refrigerator for 4 weeks, the electrodes retained 96 %, 94 %, 91 % and
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86 % of its initial peak current response in PBS containing 1.5 mM ATCl
(Fig. 4E), indicating the good long-term stability for the biosensor.

Through comparing the NF/AChE/NF-NiO/Ni@NPGC/CPE electro-
chemical response for ATCl and other potential interfering compounds,
the selectivity of the biosensor was investigated in PBS. There was no
noteworthy influence on the detection of 0.5 mM ATCl in the presence of
0.5 mM glucose, HyC204, citric acid, S04%, NO3~ (Fig. 4F). The results
indicated the biosensor displayed good selectivity.

3.2.3. Applications in real samples

To demonstrate the applicability of the biosensor in real samples, the
analysis of apple and Chinese cabbage samples bought from a local
market was carried out, whose measurement processes are shown in the
Supporting Information S5. As shown in Table S1 in Supporting Infor-
mation, the recoveries of MP in the supernatant of real sample diluted
with PBS were in the range of 91.0%-96.7%. The RSD values were less
than 5%, indicating that NF/AChE/NF-NiO/ Ni@NPGC/CPE biosensor
displayed good analytical performance.

3.3. Electrocatalytic oxidation of Ni/NiO@NPGC modified electrodes for
methanol.

3.3.1. Surface activation.

Fig. 5A compares CVs of the different modified electrodes for MOR in
1.0 M KOH solution containing 0.5 M methanol at 50 mV-s 1. It’s easy to
see the raising of oxidation current density for the Ni(OH),-glycer-
ate@CN and Ni(OH),-glycerate electrodes. In sharp contrast, the NF-Ni/
NiO@NPGC/GCE electrode demonstrated a remarkably enhanced
anodic peak at + 0.63 V (vs. Hg/HgO). Obviously, the NF-Ni/
NiO@NPGC/GCE exhibited a significantly electrocatalytic activity,
signifying that the pomegranate-like structure together with the Ni/
NiO@NPGC can intensively strengthen the electrochemical activity of
the Ni/NiO@NPGC catalyst for MOR. The unique pomegranate-like
composite architecture can provide a larger electrochemical active
area, which was evaluated from electrochemical double-layer capaci-
tance (Cgqp). The Cq; of 1.25 mF-cm™2 was obtained for NiO/Ni@NPGC.
(Supporting Information, Fig. S-4). The impact of the scan rate (v) on the
response of the Ni/NiO@NPGC/GCE was investigated in Fig. 5B and 5C.
The oxidlation peak currents increased with the increase of v from 0.03 to
0.2Vss™ .

3.3.2. Influence of the methanol concentration.

Fig. 5D displays the CVs of the NF-Ni/NiO@NPGC/GCE in different
methanol concentration. With increasing the methanol concentration,
the oxidation peak of methanol shifts towards higher values, indicating
that the oxidation intermediates which require higher potential cannot
be completely oxidized in the anodic scan. In addition, Fig. SE described
the proportional relationship between the anodic peak current and the
methanol concentration, proving that the diffusion of methanol is rate-
determining step of reaction.

3.3.3. Electrode stability.

Fig. 5F compares the chronoamperograms obtained from the
different electrode materials. In the early stage of catalytic reaction, the
intermediate species such as CO, CHx, and CH30 may poison the active
site of the catalyst, which is the reason for the decrease of current
density. Furthermore, it is obvious that the attenuation of the current for
the NF-Ni/NiO@NPGC/GCE was relatively slower than that for the Ni
(OH),-glycerate@CN and Ni(OH)q-glycerate electrodes, implying that
the NF-Ni/NiO@NPGC possesses a higher stability toward MOR.

The electro-oxidation mechanism of methanol over NiO was shown
in Fig. 5G. Under alkaline conditions, NiO and Ni(OH), were oxidized to
NiOOH, which catalyzed the oxidation of methanol to produce formic
acid. The electrocatalytic activity of NiOOH toward methanol was
considered to arise from the unpaired d-electrons or empty orbitals
associated, which are available for bond formation with absorbed
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species [15]. For Ni/NiO@NPGC, the pomegranate-like architecture
structure with pyridinic N and its carbon frame served as electron tun-
nels and connecting backbones, which ensured the electrochemical ac-
tivities of all nanoparticles. In addition, the metal oxides were dispersed
enough to prevent from self-agglomeration and keep the mass transfer
paths at the same time, which was also conducive to the improvement of
the catalytic activity.

4. Conclusion

The efficient electrochemistry platforms based on Ni/NiO@NPGC
were constructed. The proposed biosensor demonstrated a wide linear
range of 1.0 x 10*-1.0 x 10® g mL~! with the detection limit of 3.5 x
1015 g mL-1 for MP determination. Meantime, Ni/NiO@NPGC exhibi-
ted high electrocatalytic activity and durability for MOR. The above
results were mainly attributed to the pomegranate-like architecture
structure with pyridinic N and carbon frame of Ni/NiO@NPGC, which
ensured the electrochemical activities of all nanoparticles and immo-
bilization of enzyme. In addition, the metal oxide was well dispersed to
prevent from self-agglomeration and kept mass transfer paths. The work
has a significant in crafting inexpensive and highly efficient electrode
materials for electrochemical biosensors and MOR.
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