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ABSTRACT

A three-dimensional (3D) nickel oxide (NiO) catalytic electrode was fabricated
by annealing Niy(L-asp),bipy MOF membrane and was subsequently applied
for electrochemical glucose sensor. This 3D self-supported MOF membrane
precursor provided uniform and porous architecture, and it was used for
fabricating 3D NiO electrode in the first time. The SEM and XRD data showed
that the NiO was evenly distributed on Ni mesh and complete transformation
from Niy(L-asp),bipy to NiO. This catalytic electrode, using a chronoampero-
metric approach, demonstrated linear range up to 400 uM with high sensitivity
of 478.9 pA mM ™' em ™2 and low limit of detection of 4.34 uM. Uric acid, urea
and ascorbic acid showed negligible interferences to the detection of glucose.
The excellent performance of this electrode was attributed to the uniformly
distributed NiO on the Ni substrate, direct electron transformation from Ni
substrate to electrochemical active NiO and the porosity of such electrode
design.
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On the other hand, non-enzymatic electrochemical
glucose sensors have drawn tremendous attentions
owning to its enzyme-independent property [2].

Introduction

The demand for fast and accurate determination of

glucose is rising to meet healthcare, food analysis and
environment monitoring purposes. Traditional enzy-
matic glucose electrochemical biosensors, based on
glucose oxidase (GOx), offer high selectivity and
sensitivity, but suffer from low stability and envi-
ronment dependency owing to its intrinsic nature [1].

Address correspondence to E-mail: kangzixi69@126.com

DOI 10.1007 /s10853-017-1349-2

Recent developments of non-enzymatic glucose
sensors showed improved sensitivity, stability and
reasonable degree of selectivity [3]. Thus, the devel-
opment of electrochemical non-enzymatic glucose
sensor is of essential for fabricating the next genera-
tion of glucose sensor.
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Transition metal oxides (such as CuO, NiO,
NiMoOy, Co30,4) have been widely used as electrode
materials for non-enzymatic electrochemical glucose
sensors attributed to their electrochemical redox
process, which can subsequently oxidize glucose,
thus resulting in an enhanced current signal [4-8].
Among them, Ni-based electrode appeared to be an
excellent candidate with high sensitivity [2, 9-11].
However, the synthesis of catalytic materials and the
immobilization process to attach the electrochemical
active materials onto electrode surface are usually
separate. The immobilization process was often
assisted by the introduction of organic binders,
which can cause reduced intrinsic conductivity
between the redox active materials and electrode
surface. Therefore, the in situ growth of electrode
materials onto electrode in one-step is highly
desired in order to achieve high-performance glu-
cose sensors [12-14].

Metal-organic frameworks (MOFs) have been
widely applied in membrane- and film-based appli-
cations owing to its designable porous environment
and variable framework [15, 16]. The direct growth
of MOFs on three-dimensional (3D) conductive
substrates inspired us for designing catalytic elec-
trode for glucose sensing. Indeed, MOF as a pre-
cursor for fabricating transition metal oxides has
been recently applied for constructing electrode
materials for sensing applications. For instance, Hou
et al. used MOF template to synthase CozO4
nanoparticles for glucose and H,O, detection [17],
Zhou et al. introduced Cu(I)-based MOF immobi-
lized on multiwall carbon nanotubes for H,O,
determination [18], Wu et al. constructed a MOF-
derived Cu,O/CuO@rGO for H,O, sensing [19], and
Song’s group developed a sensitive H,O, sensor
based on Cu-Hemin MOF/chitosan-rGO nanocom-
posites [20]. Furthermore, the porous MOF was also
applied for encapsulation of Cu nanoparticles for
glucose sensing [21]. However, the functional elec-
trode based on porous MOF membrane for moni-
toring glucose has not yet been reported. In our
previous work, Niy(L-asp),bipy MOF has been suc-
cessfully grown on nickel mesh to form a continuous
grown MOF membrane for gas and liquid separation
[22]. In this work, MOF membrane was annealed to
form a uniform and porous NiO layer adhered to
nickel mesh, which was directly used as catalytic
electrode for monitoring glucose concentration.
This catalytic electrode possessed a satisfied
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amperometric glucose sensor with reasonable sensi-
tivity and low detection limit.

Experimental
Materials

Nickel carbonate basic (NiCO5-2Ni(OH),-4H,0,
NiCOj3), methanol, bidentate aromatic nitrogen donor
4,4-bipyridine (bipy) and r-Aspartic acid (NH,
CH(COOH)CH,COOH, L-asp) were wused as
received. Nickel mesh (180 mesh, Xinxiang City, 540
Equipment Co., China) was used as supports. The
nickel mesh was first cut into circular wafers (20 mm
in diameter). Then, they were washed with ethanol
and deionized water under ultrasound to clean the
surface. Finally, these wafers were dried in an oven at
100 °C for 5 h at least.

Structural characterization

Powder X-ray diffraction (PXRD) was used to ana-
lyze the crystalline structures of the samples which
was equipped with Philips X'Pert diffractometer with
Cu Ko radiation source (4 = 0.15,418 nm). Scanning
electron microscopy (SEM) images were collected
using a Hitachi S-4800 field emission scanning elec-
tronic microscopy (FE-SEM).

Preparation of Ni(L-asp)(H,0),-H,O
(Ni(L-Asp))

L-asp acid (2.63 g, 19.8 mmol) was first dissolved in
200 ml water. When this solution was heated to
100 °C, NiCOj; (2.86 g, 7.61 mmol) was added. The
solution was evaporated at 100 °C to prepare the
Ni(C,O4H5N)(H;0),-H,O (Ni(L-asp)) powders.

Preparation of MOF membranes on nickel
screens and mesoporous NiO electrode

Nickel mesh served as the nickel precursor, which
reacts with L-asp and bipy to produce a seed layer.
0.1 g (0.75 mmol) of L-asp was dissolved in a mix-
ture containing 2 mL of methanol (62.4 mmol) and
0.2 mL of water (11.1 mmol). To this solution,
0.0586 g of bipy (0.375 mmol) was added and stirred
for 1 h. A nickel mesh and the final mixture with a
composition of 1.0 L-asp: 0.5bipy: 15H,0: 83CH;0H
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were sealed into a reaction kettle and heated at
150 °C for 24 h. After this process, a seed layer was
grown on the surface of the nickel mesh. Then, the
seeded nickel mesh was placed vertically in a reac-
tion kettle, in which the composition of the reaction
solution was 1.0bipy: 0.9Ni(L-asp): 333H,0O:
263CH;O0H, for secondary growth at 150 °C for
2 days. The MOF membrane was then annealed at
500 °C for 2 h under in atmosphere to obtain the 3D
NiO layer electrode. A schematic cartoon of prepa-
ration procedure is shown in Scheme 1 in “Results
and discussion” section.

Electrochemical measurement

The electrochemical analysis was conducted on a CHI
660E electrochemical workstation. Three-electrode
configuration was used, with Pt plate served as a
counter electrode, saturated calomel electrode served
as reference electrode and the 3D mesoporous NiO
membrane served directly as working electrode. The
measurements were taken in 0.1 M NaOH solution,
and 0.6 cm® of 3D NiO electrode was immersed in the
electrolyte solution.

(ll)

L-asp + bipy
150 °C, 1 Day

NI(L asp) + bipy
150 °C, 2 Day
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Results and discussion

Structural characterization of MOF
membrane and 3D NiO electrode

The Niy(L-asp),bipy membrane was fabricated by a
seeding-secondary growth method as reported pre-
viously [22]. The general synthesis procedure of 3D
NiO electrode from Niy(L-asp),bipy membrane is
shown in Scheme 1. The structure information was
collected by PXRD as shown in Fig. 1a. From the
patterns, we can learn that no different peak
appeared compared with simulated one, which
proved a pure phase of Niy(L-asp),bipy obtained
after the membrane was prepared. The MOF mem-
brane was then annealed at 500 °C for 2 h under in
atmosphere to afford 3D NiO layer electrode. The
PXRD results of the black layer confirmed the NiO
coating on the surface of nickel mesh (Fig. 1b).

The morphology of Niy(L-asp),bipy membrane
was characterized by SEM technique. The top-view
SEM image of MOF membrane (Fig. 2a, b) suggests
the defect-free polycrystalline was successfully pre-
pared by solvothermal process. The uniform coating
of Ni-based MOF membrane gave an ideal precursor

(m)

500 °C,
2 hours

(4)

Scheme 1 A schematic cartoon illustration of preparation procedure of 3D NiO electrode from MOF membrane.
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Figure 1 PXRD patterns of Niy(L-asp),bipy membrane (a) and annealed membrane (b).
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Figure 2 SEM images of seeded nickel mesh (a), Niy(L-asp),bipy membrane (b) and annealed membrane (c, d).

to prepare well dispersed NiO layer on supporting
substrate with adhesion. After the heating treatment
of step 3 in Scheme 1, the blue-green MOF mem-
brane was conversed to black NiO particles. As
illustrated in Fig. 2c, d, the NiO particles were evenly
distributed on the surface of nickel meshes, which is
beneficial for the accurate detection of glucose and
easy to operate.

Electrochemical characterization of NiO 3D
electrode

In order to achieve the electrochemical catalytic pro-
cess of glucose, NiO needs to be converted (activated)
into high-valent nickel oxyhydroxide (NiOOH)
before it can be applied to catalyze the oxidation of
glucose. Figure S1 shows the cyclic voltammograms
(CV) of NiO 3D electrode after 1, 400, 800, 1200, 1600
and 2000 cycles. The oxidation peak at ca. +0.5V
versus SCE is attributed to the oxidation of Ni** to
Ni’*, and the corresponding reduction peak can be
found at ca. +0.35 V versus SCE. In alkali solution,
NiO can be electrochemically oxidized to NiOOH via
the overall Eq 1. It is worth mentioning that this
reaction can be divided into two elementary steps:

@ Springer

NiO — Ni(OH), (hydrolyzed) and Ni(OH), —
NiOOH [23]. Therefore, the increase in peak current
in Fig. S1 after consecutive cycles is attributed to the
growth of hydroxide layer which is originated from
the potential cycling [24]. In addition, negligible
increase in peak current after 2000 cycles indicates
that hydrolyzed Ni(OH), had reached the maximum
amount on the electrode surface, and it was readily
applied for electrochemical catalytic reaction for
glucose oxidation.

2NiO + 30H™ = 2NiOOH + H,O + 3e . (1)

Since the catalytic active species is NiOOH and
Ni(OH),, therefore it is necessary to examine the
valence of Ni and O. Figure 3 shows the XPS spec-
trum of NiO 3D electrode before and after activation
in NaOH for 2000 CV cycles. Figure 3a shows the
typical Ni 2p region before the electrode was acti-
vated. The peaks at 854.10 and 872.26 eV in Fig. 3a
are corresponding to the Ni** 2p;,, and 2p;,, orbi-
tals, which can be attributed to the presence of NiO or
Ni(OH),. The bands at 855.89 and 874.36 eV in Fig. 3a
can be assigned to the Ni’* 2ps3,, and 2p; /, orbitals.
The co-existence of Ni** and Ni’" is commonly
observed when fabricating nickel oxides [25-28].
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Figure 3 The XPS spectra of (a) (b)
Ni2p (a,c)and O 1 s (b, . .
d) region of the 3D electrode Ni 2ps., Ni 2psp2 O1s
before (a, b) and after (c, Nij2* 3+
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Figure 4 a CVs of NiO after 2000 consecutive cycles in 0.1 M NaOH at variable scan rates. b The CVs of NiO after 2000 consecutive
cycles in 0.1 M NaOH with (red dash line) and without (green solid line) addition of 5 mM glucose.

Figure 3b shows the O 1 s region and two typical
peaks can be convoluted. The peak at 529.76 eV can
be assigned to the oxygen-metal bond and the peak
at 531.80 eV can be attributed to hydroxyl oxygens

and contaminates [25]. In comparison, after the elec-
trode was activated, the spectrum of Ni 2p region
remained similar to that of before activation (Fig. 3c).

However, the peak at 529.75eV in Fig. 3d
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dramatically increased after the electrode was cycled
in NaOH. This can be attributed to the formation of
NiOOH on the electrode surface causing the
increased signal of metal-oxygen bond [25].

The insight of electrochemical behavior of 3D NiO
electrode (the electrochemical oxidation of Ni(OH),)
was further characterized. Figure 4a shows the CV of
3D NiO electrode (the oxidation of Ni(OH), to be
more precise) at variable scan rates (v). According to
Randles-Sevick equation, the corresponding peak
current against square root of scan rate was plotted
and is shown in the insertion of Fig. 4a. The linear
relationship suggesting the electrode process is lim-
ited by diffusion. This is reasonable since the elec-
trochemical oxidation of Ni(OH), to NiOOH coupled
with OH™, which was diffused to the electrode sur-
face from the bulk electrolyte solution. As shown in
Fig. 4b, upon the addition of 5 mM glucose, the peak
current dramatically increased. The tendency of the
CV shape toward sigmoidal shape indicates that the
glucose is electrocatalytically oxidized via an EC’
mechanism as shown in Scheme 2.

Scheme 2 A schematic diagram of electrochemical process of
NiO catalyzed glucose oxidation.
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The electrochemical determination of glucose at 3D
NiO electrode was performed by chronoampero-
metric approach. The electrode potential was held at
+0.5 V versus SCE. As shown in Fig. 5a, upon the
addition of glucose, the anodic current increases
significantly. The potential of +0.5 V versus SCE was
chosen according to the CV diagram, that is, the
potential at the beginning of oxidation of Ni*" to
Ni’*. The potentials of +-0.4 V and +0.6 V versus SCE
were also tested, shown in Fig. S2. It is obvious that
the potential at +-0.4 V versus SCE does not provide
sufficient signal responses upon the addition of same
amount of glucose, whereas the potential at +0.6 V
versus SCE provides the similar current response, but
the initial current density begins at ca. 300 pA cm ™2,
which may significantly affect the current response.
Therefore, the static potential at +0.5 V versus SCE
was found to be the optimal condition. Figure 5b
shows the corresponding calibration curve of the
glucose sensor. The linearity range of glucose
response was determined up to 400 pM, with a sen-
sitivity of 478.9 pA mM ' cm 2. The detection limit
of such method was determined to be 4.34 M at
signal-to-noise (S/N) ratio of 3. Sensitivity and
detection limit were comparable with other literature
reports as shown in Table 1.

Interference tests are essential for the evaluation of
glucose sensor since other bio-organic molecules may
interfere with the current response at real circum-
stances. Figure 6 shows the interference test using the
same potential static method. Again, the potential
was held at +0.5 V versus SCE and the addition of
0.1 mM glucose causes significant current response
up to 32 pA. After the addition of 0.1 mM glucose,
0.0l mM wurea, 0.0l mM uric acid and 0.01 mM
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Fig. 5 Amperometric response of 3D NiO electrode with successive addition of glucose in 0.1 M NaOH at +0.5 V versus SCE. b The
corresponding calibration plot of graph (a). The insertion of (b) shows the linear region of the calibration graph.
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Table 1 Analytical performance of 3D NiO electrode in comparison with other metal-oxide-based non-enzymatic glucose sensors

Electrode material Sensitivity (LA mM ™" cm™2 Limit of detection (uM) References
NiO/graphene 666.71 5 Zeng et al. [29]
CS/RGO/NiNPs 318.4 4.1 Yang et al. [30]
MWCNT/NiO 436 160 Shamsipur et al. [31]
Ni/TiO, 50.97 0.18 Xu et al. [32]
NiO/CuO/polyaniline 340.2 2 Ghanbari and Babaei [33]
Cu,0/TiO, nanotube 14.56 62 Long et al. [34]
Cu,0/CQD 298 8.4 Li et al. [35]
N-Co-CNT@NG 9.05 2.0 Balamurugan et al. [36]
Fe;04-CNTs-NiNPs 335.25 6.7 Nontawong et al. [37]
3D NiO electrode 478.9 43 This work

CS chitosan, RGO reduced graphene oxide, NPs nanoparticles, MWCNT multiwall carbon nanotube, CQD carbon quantum dot, N-Co-
CNT@NG nitrogen-doped Co-CNTs over graphene sheets, CNTs carbon nanotubes
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< 100 Urea

£ 0.1mM Bibdsiihd

- 80f Glucose s

= Uric Acid
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Fig. 6 Interference test of 3D NiO electrode 0.1 M NaOH at
+0.5 V versus SCE.

ascorbic acid were added subsequently. Negligible
current responses were detected after the addition of
urea and uric acid. The addition of ascorbic acid causes
slight increase in current, which can be attributed to
the catalytic oxidation of ascorbic acid. The current
signal of ascorbic acid is much weaker than glucose
since the former requires higher oxidation potential. It
is worth mentioning that the concentration of inter-
ferences was ten times less than that of glucose, which
is reasonable since the concentration of those interfer-
ences in plasma is roughly ten times less than that of
glucose [38]. Accordingly, this glucose sensor offers
reasonable selectivity. After the addition of interfer-
ences, 0.5 mM glucose was added in the system and a
large current increase appeared again, suggesting good
reproducibility of such glucose sensor.

Conclusion

In conclusion, the 3D NiO glucose sensor was fab-
ricated from thermal annealing of Ni(L-asp),bipy
MOF membrane. This in situ thermally treated 3D
electrode inherited the even distribution of electro-
chemical active species, high porosity and direct
electron transfer from Ni mesh to NiO. This elec-
trode showed excellent performances toward
amperometric detection of glucose, with linear range
up to 400 uM, high sensitivity of 478.9 pA mM ™'
cm ™2 and low limit of detection of 4.34 uM. Fur-
thermore, the existence of urea, uric acid and
ascorbic acid showed negligible interferences to the
glucose responses. These results demonstrated that
the 3D NiO electrode prepared from MOF mem-
brane is a competitive candidate for non-enzymatic
detection of glucose.
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