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Longitudinally Expanded Ni-Based Metal-Organic Framework with
Enhanced Double Nickel Cation Catalysis Reaction Channels for
Non-Enzymatic Sweat Glucose Biosensor

*

Xiaoyang Xuan® <, Min Qian® *, Likun Pan® *, Ting Lub, Lu Han®, Huangze Yu®, Lijia Wan®, Yueping

Niu ¢, Shangqing Gong® < *

Nickel-based metal-organic frameworks (Ni-MOFs) have attracted increasing attention in non-enzymatic glucose sensing.
However, the insufficient active Ni cation sites from stacked MOF layer, the unclear Ni catalysis mechanism, and the
severe liquid alkaline electrolyte remain challenging for practical applications. In this work, the sonication-induced
longitudinal-expansion of Ni-MOFs increases the active nickel ion sites, which not only enhances the current response to
glucose detection, but also shows the oxidation peak evolution of nickel ions with different sonication time, revealing the
mechanism of different glucose detection channels. The Ni-MOF sonicated for 60 min (60 min Ni-MOF) displays enhanced
Ni(ll1)/Ni(Il) and more significant Ni(IV)/Ni(lll) double nickel cation channels for catalyzing glucose into glucolactone
compared to 0 min Ni-MOF (without sonication), showing optimized glucose detection ability with a high sensitivity of
3297.10 pA mM*cm?, low detection limit of ~8.97 uM (signal-to-noise = 3) and wide linear response range from 10 to 400
UM from the cyclic voltammetry test as well as a high sensitivity of 3.03 pA mM* cm?, low detection limit of ~1.16 uM
(signal-to-noise = 3) and wide linear response range from 10 to 2000 uM from the chronoamperometry test, respectively.
More importantly, an all-solid-state glucose biosensor using a PVA/NaOH solid-sated electrolyte and a disposable 60 min

Ni-MOF working electrode is assembled for non-enzymatic sweat glucose detection.

1. Introduction

Diabetes patients are suffering from invasive blood tests
several times a day to monitor glucose concentrations using
traditional blood glucose meter.12 As human sweat contains
glucose with a concentration from 5.6 to 2200 uM which is
statistically related to blood glucose concentration,3* recent
research frontier has been focused on noninvasive glucose
detection in sweat mainly in terms of enzymatic and non-
enzymatic glucose detection. Karpova et al. developed a flow-
through glucose biosensor based on Prussian blue and glucose
oxidase,! and Zhao et al. reported an Au/Prussian Blue/glucose
oxidase/chitosan glucose biosensor.®> However, the key
component enzyme in enzymatic glucose sensor has several
disadvantages, such as high cost and complicated
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immobilization process, which is easy to lose activity and
seriously affected by environmental conditions.®® Non-
enzymatic glucose detection is mainly based on the current
response of directly oxidizing glucose molecules by non-
precious transition metals, which is relatively low cost, simple,
and stable.>® Among various transition metals, Ni-based
nano-materials, such as nickel metal, 1212 nickel oxide,'314 and
nickel hydroxide,'> are typical non-enzymatic electrocatalysts
for glucose detection,'® and have been widely applied in non-
glucose catalytic
performance.>10.17.18

Metal-organic frameworks (MOFs) composed of metal ions
or clusters and polytopic organic linkers are important raw

enzymatic sensing with good

materials for making functional materials and have been
applied in many fields. MOFs have been utilized as precursors
for synthesizing catalysts.’®?! Liao et al. reported a MOF
precursor for generating an active interface between metal
and oxide.’® Chueh et al. summarized MOF-based bandgap
materials for photovoltaic devices.?2?> MOFs are also
promising precursors for preparing functional carbons.24?7
Because MOFs display large specific surface area and rich
metal ion centers which can provide lots of active sites for
glucose catalysis, they are broadly used in catalysis and
sensing.?831 Xiao et al. reported a glucose sensor using
ultrathin Ni-MOF nanobelts with a sensitivity of 1.542 uA mM
cm? and a linear range from 1 to 500 uM.3? Wang et al.
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synthesized a glucose sensor using layer-assembled flower-like
Ni-MOF/carbon nanotubes composite with a sensitivity of 77.7
MA mM?T cm? and a linear range from 20 uM to 4.4 mM.33
These works show the feasibility of Ni-MOF layered structure
for effectively detecting glucose. However, the Ni-MOF layers
used are often stacked together, which limits their exposed
surfaces and active nickel ion sites, and great efforts are still
necessarily devoted to further improving their detection
sensitivity. Surface morphology control has been reported to
provide more exposed active elemental sites.3* Li et al.
reported the in-situ growth of NiCo-MOF nanosheets on nano-
porous gold substrates to prepare vertical arrays, where the
active Ni and Co sites were sufficiently exposed, showing a
high sensitivity to glucose of 684 HA mM? cm= and a linear
range from 1 uM to 8 mM.3% Unfortunately, the conductive
gold substrate is expensive and involves complex surface
treatment processes.3>3¢ Ultrasonic-assisted exfoliation is a
convenient and cheap method to improve the exposed surface
and active site of materials, and has been widely used in the
field of energy storage, catalysis, and sensor for material
morphology regulation.3” Yan et al. synthesized an accordion-
like Ni-MOF with large exposed surface via ultrasonic
treatment for supercapacitor, and a high specific capacity of
988 F g! was achieved.3® Munonde et al. synthesized a NiFe
layered double hydroxide on carbon black for oxygen evolution
reaction (OER) and employed ultrasonic exfoliation for
exposing more cationic active sites, showing that an exfoliated
sample display ed a higher OER activity with an overpotential
of 220 mV compared to 280 mV of a bulk sample at a current
density of 10 mA c¢cm? in an alkaline solution.3” Lee et al.
synthesized a SnS, nanoplate-decorated multi-walled carbon
nanotube electrode for glucose sensor and conducted a
ultrasonic treatment, where an exfoliated SnS, nanoplate-
decorated electrode showed a higher sensitivity of 28.9 pA
mM-1 cm= and a broader linear range from 62.5 uM to 2.8 mM
while an unexfoliated sample only showed a sensitivity of 18.5
MA mM? cm™2 and a linear range from 250 uM to 1.5 mM.3°
Therefore, ultrasonic treatment should be effective to enrich
the active sites of lamellar-structured Ni-MOF for glucose
detection, but few investigations have been reported yet.

The redox reaction of Ni-based material to catalyze glucose
is generally explained as deprotonation and isomerization of
glucose by the Ni(lll)/Ni(ll) redox couple. Hwang et al.
systematically summarized recent works on non-enzymatic
glucose sensors in their review article and mentioned that
Ni(ll1)/Ni(ll) is often considered as the channel for glucose-
catalyzed reaction with typical oxidative peaks at potentials of
0.2~0.4 V (vs. Ag/AgCl).2° Toghill et al. summarized in a review
article that a Ni(lll) oxyhydroxide species is the catalytic
component for nickel-based non-enzymatic glucose catalysis.®
From the theoretical potential-pH diagram for the Ni-H,0O
system, the valence state of nickel cation increases from Ni(ll)
to Ni(lV) gradually with increasing potential values, and cyclic
voltammetry (CV) tests have been effectively applied for
experimentally observing  Ni(ll)/Ni(lll) and  Ni(lll)/Ni(IV)
couples.*941 Rahmanifar et al. observed two redox peaks in the
CV curves of Ni-MOF supercapacitors as Ni(ll)/Ni(lll) and

2| J. Name., 2012, 00, 1-3

Ni(11)/Ni(1V) redox couples at ~0.43 and ~0.47 V in 6, M, KQH:2
The observation of separated oxidation Peaks instieRéBBaséd
electrochemistry is important, as generally transition metal
cation with higher valence state and smaller cation radius
shows stronger oxidation activity.4344 Gao et al. revealed that a
higher oxidation-state y-phase Ni(IV) exhibited an enhanced
OER property with a smaller overpotential of 0.331 V
compared to 0.444 V of a lower oxidation-state B-phase Ni(lll)
for obtaining a current density of 10 mA cm2.%3 Bediako et al.
found that an increase of y-phase Ni(IV) with a higher average
oxidation state of +3.6 in a nickel-borate catalyst film by
anodization process helped to improve the electrocatalytic
activity of OER compared to B-phase Ni(lll) with a lower
average oxidation state of +3.%4 Leem et al. showed that a high
valence-state Ni(lV) was reduced to a low valence-state Ni(ll)
via two consecutive one-electron transfer channels of
Ni(IV)/Ni(Il1) and Ni(ll)/Ni(ll) at 0.44 and 0.37 V, where the
two-channel process helped to increase the total number of
molecules being catalyzed and the catalytic efficiency, and a
high OER current density of 10 mA cm? at 1.0 V was
achieved.*> Therefore, exploring the mechanism of glucose
catalysis in different channels is feasible, and also beneficial to
improving the catalytic ability and efficiency for sensors.
However, by now less attention has been paid on exploring
reaction channels of Ni cations in different valence states or its
related mechanism on glucose detection.10:17:46

In this work, we synthesized laminar-structured Ni-MOF and
employed sonication to longitudinally expand Ni-MOF layers
for more exposing Ni active sites. It is discovered that the more
exposed Ni active sites from the sonication-induced
longitudinal expansion of Ni-MOF layers not only contribute to
glucose detection efficiency, but also show the oxidation peak
evolution of Ni ions with different sonication time, revealing
the mechanism of different glucose detection channels. With
suitable sonication time, the oxidation of nickel element to
Ni(IV) during the formation process has been significantly
enhanced, where the Ni(IV) reacts with glucose through the
enhanced Ni(IV)/Ni(lll) or Ni(IV)/Ni(ll) catalysis channels,
improving the glucose catalytic current density and linear
stability within a broad glucose concentration. More
importantly, an all-solid-state, non-enzymatic, non-invasive,
and safety level sweat glucose biosensor was developed for
household usage, using a solid-state PVA/NaOH electrolyte,
which avoids the unsafe and non-convenient severe alkaline
liqguids or the dilution of sweat,#”#® and benefits the
practicality and commercialization for future non-invasive
biosensors.

2. Experimental
2.1 Synthesis of Ni-MOFs

The bulk Ni-MOF was synthesized through a hydrothermal
process. First, 0.498 g terephthalic acid (TPA, CAS: 100-21-0,
Sigma-Aldrich) and 0.288 g Ni(NO;),-6H,0 (CAS: 13478-00-7,
Sinopharm Chemical Reagent) were dissolved in 60 mL N,N-
dimethylformamide (DMF, CAS: 68-12-2, Sinopharm Chemical
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Reagent) under stirring at room temperature to form an
emerald transparent solution. Second, 6 mL of 0.4 M NaOH
(CAS: 1310-73-2, Sinopharm Chemical Reagent) solution was
added in the above emerald transparent solution drop by drop,
in accompany with the formation of white flocculent
precipitation. Third, the mixture was transferred into a 100 mL
Teflon-lined stainless steel autoclave, and kept at 100 °C for 8
hours. The bulk Ni-MOF was obtained by collecting the green
powder after the mixture was centrifuged at 4000 rpm, rinsed
with DMF three times, and dried at 60 °C.

The Ni-MOF was further treated by ultrasonic method.38 30
mg of the obtained bulk Ni-MOF was dispersed in 25 mL
alcohol, and ultrasonicated for 0, 30, 60, and 120 min,
followed by centrifugation and drying, which were labeled as 0
min Ni-MOF, 30 min Ni-MOF, 60 min Ni-MOF, and 120 min Ni-
MOF, respectively
2.2 Glucose Detection Test of Ni-MOFs in Alkaline Solution

The electrochemical performance of Ni-MOF was investigated
in 0.1 M NaOH solution with different glucose concentrations
using a three-electrode system. The CV, chronoamperometry,
electrochemical impedance spectroscopy (EIS), and cycling
stability were tested by an Autolab PGSTAT 302N
electrochemical workstation. An Ag/AgCl electrode with salt
bridge and a metal platinum were used as reference and
counter electrodes, respectively. 10 mg Ni-MOFs, 900 puL
ethanol, 100 pL water, and 10 pL 5% nafion was mixed
uniformly. A glassy carbon electrode (GCE, ® = 3 mm) casted
with 5 pL mixture and dried at 60 °C for 1 hour was used as the
working electrode. Dynamic tests in solutions with presence of
glucose were conducted under magnetically-stirred mode at
40 rpm, to obtain a stable catalytic current response.

2.3 Preparation of All-Solid-State Sweat Glucose Biosensor

The all-solid-state sweat glucose biosensor consists of working
electrode, counter electrode, reference electrode, and
polyvinyl alcohol (PVA)/NaOH solid-state electrolytic. 5 pL
slurry mixture solution composed of 60 min Ni-MOF, carbon
black, and polyvinylidene fluoride (PVDF) with the mass ratio
of 8:1:1 was casted on a carbon fiber paper (TORAY), to form a
disposable working electrode with an active area of 1 cm x 1
cm. A graphite paper (Crystal Dragon Carbon Technology,
Beijing) was employed as the counter electrode. An Ag/AgCl
film prepared by immersing an Ag film in a 0.05 M FeCl;
solution for 1 min was served as the reference electrode.*® The
Ag coating was fabricated on polyimide film by a silver mirror
reaction.>® For the solid-state electrolyte, the PVA/NaOH was
synthesized by dissolving 2 g PVA (M,, = 1750%+50) in 20 mL
water, and then dropping 10 mL of 0.3 M NaOH solution,
followed by repeatedly freezing and thawing the alkaline
mixture until it was solidified into the solid-state electrolyte.>!
2.4 Stability and Interference of Glucose Detection Test using
Disposable Electrode in Alkaline Solution

The disposable working electrode was firstly tested in a three-
electrode mode under alkaline conditions for studying its
stability and interference performance. To investigate the
stability, CV tests and chronoamperometry were employed.
For CV tests, the current intensities of oxidation peak at 20 mV

This journal is © The Royal Society of Chemistry 20xx
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st were measured in 0.1 M NaOH solution with,and without
100 uM glucose every 3 days at rodin! t€ii38ratuPelcFar
chronoamperometry, the current at a constant voltage of 0.55
Vin 0.1 M NaOH solution with 100 uM glucose was applied for
6 hours. Interference experiment on the working electrode of
disposable biosensor was conducted by dropping 100 pM
glucose, 100 mM NaCl, 50 uM dopamine, 50 uM uric acid, and
200 pM urea into an initial 0.1 M NaOH solution and the
amperometric response was recorded at a constant voltage of
0.55 V.

2.5 Glucose Detection Test of All-Solid State Sweat Glucose
Biosensor

The glucose detection performance of all-solid-state sweat
glucose biosensor was systematically investigated using
neutral glucose solutions, simulated sweat solutions, and
collected sweat solutions, respectively. The glucose detection
in neutral glucose solutions, simulated sweat solutions and
collected sweat solutions was investigated using all-solid-state
sweat glucose biosensor, by dipping neutral glucose solutions
and simulated sweat solutions onto the disposable working
electrode with different concentrations from 0 to 1600 puM for
a few seconds before electrochemical measurements as well
as onto a sweating person’s forehead for a few seconds who
just did a 15-min exercise, respectively. The neutral glucose
solutions were synthesized by dissolving glucose powders with
different masses of 0 g L1, 9.91x103 g L1, 1.98x102 g L1,
3.96x102 g L1, 7.93x102 g L}, 1.59x101 g L%, and 3.17x101 g
L'l in DI water, and the simulated sweat solutions were
synthesized by dissolving corresponding masses of glucose
powders, 1.55 g L NaCl, 4.55x101 g L! KCl, 5.83x102 g L?
Na,S0,, 6.01x101 g L'! urea, and 9.92x10-3 g L uric acid in DI
water.4

2.6 Characterizations

The crystallographic patterns were examined by a rotating
anode X-ray powder diffractometer (XRD,
18KW/D/max2550VB/PC). A field-emission scanning electron
microscope (FESEM, FEI NOVA Nano SEMA450) and a
transmission electron microscope (TEM, JEM-2100) were used
to detect the surface morphology and structure of the Ni-
MOFs. The surface chemistry was characterized by a Thermal
Scientific ESCALAB 250Xi X-ray photoelectron spectroscope
(XPS) with Al anode excited X-ray (AlKa ~ 0.83 nm). The peak
shift of the binding energy was corrected by the C 1s peak
(284.8 eV)

3. Results and discussion
3.1 Characterization of Ni-MOFs

Fig. 1a shows the crystal structures of Ni-MOFs sonicated for
different time (0, 30, 60, and 120 min), with 1 cm x 1 cm X-ray
beam area on the surface of Ni-MOF powders during the XRD
measurement. Typical diffraction peaks of Ni-MOFs in Fig. 1a
at 26 =9.30°, 11.68°, 15.64°, 18.66°, 23.68°, 28.18°, and 29.10°
are identified as the planes of (100),(010),(10-1),(200), (0
2 0), (2 -2 0), and (-1 -2 1), respectively, as shown in Fig.
1b.17:32-55 All these XRD peaks of Ni-MOFs match very well with
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Fig. 1 (a) XRD patterns of Ni-MOFs sonicated for different time of 0, 30, 60, and 120 min. (b) Corresponding crystal planes in Ni-MOF.

The peak-to-baseline intensities of Ni-MOFs with different
sonication time derived from Fig. 1a are listed in Table 1. It can
be observed that the intensities of (1 0 0), (2 0 0), and (1 0 -1)
planes decrease, while the intensities of (0 1 0) and (0 2 0)
planes increase with increasing sonication time, because the
Ni-MOFs expand along the “b” axis direction after ultrasonic
treatment as shown in Fig. 1b, and thus more ordered (0 1 0)
and (0 2 0) planes are exposed, while (1 00), (200), and (10 -
1) planes crush.>? The intensities of (0 1 0) and (0 2 0) planes
increase with the increase of sonication time from 0 to 60 min
but further decrease at 120 min, due to the fact that extended
sonication causes complete smashes and disorders to these
exfoliated planes.

Table 1 Peak-to-baseline intensities of representative crystal
faces of Ni-MOFs.

Peak-to-baseline intensities of representative
crystal faces

Sample (10-

1)

2 (1

(100) (010) 20) 21)

(200)  (020)

0 min 561 174 479 228 259 220 240
Ni-MOF

30 min 342 149 258 157 290 196 201
Ni-MOF

60 min 336 3.00 203 156 564 234 235
Ni-MOF

120 min 181 148 115 1.03 287 1.56 1.50
Ni-MOF

The crystalline size D is estimated according to the Scherrer
equation (1), with values shown in Table 2:

D =KA/(Bcos ) 1)
where K is the shape factor, A is the X-ray wavelength, B is the
full width at half maximum (FWHM) of the diffraction peak,
and O is the Bragg angle. The crystalline sizes in the (0 2 0)
direction are estimated to be 7.69, 16.61, 10.58, 7.60 nm for O,

4| J. Name., 2012, 00, 1-3

30, 60, and 120 min Ni-MOFs, respectively. The average
crystalline size in the (0 2 0) direction increases with the
ultrasonic time increasing from 0 to 60 min, because the
ultrasonic treatment breaks the interlayer hydrogen bonds,
expands perpendicularly the (0 2 0) face and thus exposes
more (0 2 0) planes. However, the average crystalline size in
the (0 2 0) direction further decreases when the ultrasonic
time is extended from 60 to 120 min, because excessive
ultrasonic treatment causes complete smashes and disorders
in 120 min Ni-MOF.

Table 2 Estimated average crystalline size.

Sample (020) direction / nm
0 min Ni-MOF 7.69
30 min Ni-MOF 16.61
60 min Ni-MOF 10.58
120 min Ni-MOF 7.60

Fig. 2 shows the morphological characteristics of Ni-MOFs
with different sonication time. The bulk Ni-MOF without
sonication (0 min Ni-MOF) in Fig. 2a exhibits a typical thick-
sheet structure (~5 pum in diameter) with smooth and flat
surface. As shown in Fig. 2b, some smaller thin layers are
observed on top of the 0 min Ni-MOF surface, suggesting that
the bulk Ni-MOFs should be assembled closely by stacked
layers. With the extension of sonication time, the morphology
of Ni-MOFs changes obviously. The Ni-MOFs with sonication
time of 30, 60, and 120 min are shown in Fig. 2c-h. As shown in
Fig. 2c-f, the 30 and 60 min Ni-MOFs present ordered lamellar
structures, which are ascribed to the sonication-induced
expansion of the Ni-MOFs from compactly-stacked layers (O
min) into loose layers (30 and 60 min) in the longitudinal
direction. However, an extended sonication of 120 min causes
a complete exfoliation of the Ni-MOFs, with a disordered

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins



https://doi.org/10.1039/d0tb01657h

Page 5 of 19

Published on 25 August 2020. Downloaded by University of Rochester on 8/25/2020 1:06:36 PM.

Journal Name

structure of exfoliated layers, as displayed in Fig. 2g and h.
Meanwhile, the 30, 60, and 120 min Ni-MOFs exhibit smaller
sheet with sizes of ~ 2 um compared with 0 min Ni-MOF (~ 5
um), because the sonication-induced longitudinal
expansion/exfoliation tears up MOF layers in the lateral
direction.

Fig. 2 Low-magnification and high-magnification SEM images of (a,
b) 0 min Ni-MOF, (c, d) 30 min Ni-MOF, (e, f) 60 min Ni-MOF and (g,
h) 120 min Ni-MOF.

This journal is © The Royal Society of Chemistry 20xx
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TEM test was performed to investigate the strugtyral details
of Ni-MOFs in nanoscale. To prepare TEMPSAp1€$2 SIONRNAOHS
powders were dispersed in ethanol and sonicated for 1 min,
before being dropped onto the copper grids. All samples
sonicated for TEM test exhibit similar exfoliated layers, as
shown in Fig. 3a-i. The low-resolution TEM images of Ni-MOFs
in Fig. 3a, b, d, e, g, and h reveal uneven color-stratified layer
structure, which implies layer stacking. The high-resolution
TEM images of Ni-MOFs in Fig. 3c, f, and i show that the
spacing of lattice fringe is about ~ 0.20 nm, which matches
well with (3 -2 2) plane for Ni-MOF.>3>7 It should be noted that
some smaller fragmented Ni-MOF layers with less than 200 nm
in diameter are observed in low-resolution TEM image of 120
min Ni-MOF in Fig. 3g which is ascribed to the complete
exfoliation and smash of Ni-MOF layers after the extended
sopigation treatment.

il

Fig. 3 Low-resolution and high-resolution TEM images of (a-c) 0 min
Ni-MOF, (d-f) 60 min Ni-MOF and (g-i) 120 min Ni-MOF.

Fig. 4 shows the surface element valence states of Ni-MOFs
with 0, 60, and 120 min sonication treatment. They exhibit
similar XPS survey spectra, indicating that the ultrasonic
treatment does not change the element bonding structures.
The major elements in Ni-MOFs are Ni, O, and C, as shown in
their XPS survey spectra in Fig. 4a. The peaks at 855.9 and
873.5 eV in the high-resolution Ni 2p spectrum in Fig. 4b
indicate the existence of Ni(ll) and are assigned to Ni 2ps/,, and
Ni 2py/,, respectively.1”:3258 The peaks at 531.3 and 532.8 eV in
the high-resolution O 1s spectrum in Fig. 4c are attributed to
the Ni-O bonds and the adsorbed H,O molecules,
respectively.746 The peaks at 288.3, 285.1, and 284.4 eV in the
high-resolution C 1s spectrum in Fig. 4d are attributed to C=0,
C-OH, and C-C for the organic ligands, respectively.>3

J. Name., 2013, 00, 1-3 | 5
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Fig. 4 (a) XPS spectra of Ni-MOFs with different sonication time. High-resolution (b) Ni 2p, (c) O 1s, and (d) C 1s XPS spectra.

Table 3 shows the relative atomic concentrations of Ni-
MOFs derived from their survey XPS spectra in Fig. 4a. The
atomic concentrations of Ni, O, and Cin 0, 60, and 120 min Ni-
MOFs are similar, indicating that the sonication does not affect
elemental distributions. The weak Na 1s peak at ~ 1071 eV of O
min Ni-MOF is introduced by NaOH during synthesis, and may
exist as interlayer cations.>>®0 This speculation is partly
confirmed by the gradually decreasing Na 1s concentrations
with increasing sonication time from 1.80 (0 min Ni-MOF), 0.61
(60 min Ni-MOF), to 0.00 (120 min Ni-MOF) at% in Table 3,
because the Na cations on the interlayer surfaces are exposed
during the sonication-induced expansion and dissolve in
solvent.

Table 3 Relative atomic concentrations of Ni-MOFs with
different sonication time.
Relative Atomic Concentrations /
Samples at%
Ni 2p 0O 1s C1ls

Na 1s

This journal is © The Royal Society of Chemistry 20xx

0 min Ni-MOF 4.23 38.19 55.77 1.80

60 min Ni-MOF 5.50 40.29 53.59 0.61
120 min Ni-

MOE 5.32 40.94 53.73 0.00

The target Ni-MOF synthesized in this work is referred to as
[Ni3(OH),(CgH404),:(H20)4]-2H,0.385256  The XRD diffraction
peak positions of all samples match the previous simulation
results of the target MOF well,17:335253,57.61 reyealing a spatial
framework structure of center Ni2* bonded with TPA ligands.53
The high-resolution O1s and C 1s XPS spectra in Fig. 4c and d
confirm the presence of organic ligands and adsorbed water
molecules in all samples. The nickel-oxygen bond at 531.3 eV
in O 1s spectrum and the existence of Ni(ll) in Ni 2p spectrum
indicate the chemical bonding and valence state of nickel
element. The results indicate that the target Ni-MOF
[Ni3(OH),(CgH404)2:(H;0)4]-:2H,O0  has  been  successfully
synthesized.

In this work, systematical sonication treatments were
conducted on the Ni-MOFs with different sonication time from
0 to 120 min. The evolution of longitudinal expansion (along “b”
axis in Fig. 1b) between Ni-MOF interlayers was detected by
XRD patterns using 1 cm x 1 cm X-ray beam (Fig. 1a), and
observed from SEM images in micrometer scale (Fig. 2). The
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XRD peaks of all Ni-MOFs contain crystal planes of (0 1 0), (0 2
0) parallel and (1 0 0), (2 0 0), (1 O -1) perpendicular to
interlayers (plane of “a” and “c” axes in Fig. 1b). The bulk Ni-
MOF (0 min Ni-MOF) displays compactly-stacked (0 1 0) and (O
2 0) planes with hydrogen-bond dominant Van der Waals force,
as shown in the crystal structure in Fig. 1b and SEM images in
Fig. 2a, b.>® Sonication helps to enhance the longitudinal
expansion along “b” axis and break the weak hydrogen bonds,
resulting in more exposed (0 1 0) and (0 2 0) planes, which is
demonstrated by their enhanced XRD intensities in Fig. 1la.
However, an extended sonication of 120 min causes the
complete exfoliation of these planes and leads to smash and
disorder, which results in the decreased XRD intensities of (0 1
0) and (0 2 0) planes as shown in Fig. 1a. Simultaneously, the
sonication-induced longitudinal expansion or even exfoliation
along “b” axis crushes the (1 0 0), (2 0 0), and (1 0 -1) planes,
resulting in the decreased intensities of their XRD peaks.

3.2 Electrochemical Activation Process of Ni-MOFs and Double-
Channel Redox Mechanism

Electrochemical activation process is a common procedure for
MOF-based materials.*?52 During this process, Ni-MOFs were
activated and stabilized for 30 cycles by CVat 20 mVs'ina 0.1
M NaOH solution. The 30 CV cycles of 0, 60, and 120 min Ni-
MOFs and their selected CV curves are shown in Fig. 5.
Different oxidation potentials for Ni cations have been
observed for 0, 60, and 120 min Ni-MOFs during their
formation, which is ascribed to the combination of two major
oxidation potentials at ~0.44 and ~0.53 V, as shown in Fig. 5 b,
e and h. Specially, during the formation of 60 min Ni-MOF in
Fig. 5e, the 5%-cycle CV curve shows a distinct small peak at
~0.43 V, indicating the oxidation of Ni(ll) to Ni(lll),*? while the
10th-cycle CV curve displays a second prominent oxidation
peak at ~0.53 V, indicating a further oxidation of Ni cations
into Ni(lll) and Ni(lV).*2 Compared with 60 min Ni-MOF, 0 min
Ni-MOF exhibits higher oxidation potential at 0.53 V during the
formation process, as shown in Fig. 5b, while the lower
oxidation potential at 0.44 V dominates during the formation
of in 120 min Ni-MOF, as shown in Fig. 5h. The detailed

This journal is © The Royal Society of Chemistry 20xx
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oxidation peak separation in the 30%*-cycle CV cugyes.of 0,60,
and 120 min Ni-MOFs by two oxidatioRGH3feRtiA90of0¥0244
(Ni(l)/Ni(I1)) and ~0.53 V (Ni(Ill)/Ni(IV)) is shown in Fig. 5¢, f
and i. The amounts of transferred charges (Q = fI/u dV, where
Q is total transferred charges in mC cm?, | is current density in
mA cm2, V is potential in V, and v is scan rate in mV s) at the
lower oxidation potential for 60 and 120 min Ni-MOFs are
roughly the same, with Qi) values of 7.56 and 5.75 mC cm-
2, and 0 min Ni-MOF exhibits a smaller Qu;qy/un) value of 2.53
mC cm=. The Q values at the higher oxidation potential for
these Ni-MOFs show significant difference, with Quiuy/qv)
values of 6.73, 15.92, and 2.23 mC cm2 for 0, 60, and 120 min
Ni-MOFs, indicating more Ni ions with higher oxidation state
present in 60 min Ni-MOF than in 0 and 120 min Ni-MOFs.
Correspondingly, the lower oxidation-state Ni cations initially
contribute similar low current density values to ~2.5-3 mA cm
for all Ni-MOFs, and the higher oxidation state Ni cations
subsequently contribute different current density values of ~5,
~6, and ~1 mA cm2 for 0, 60, and 120 min Ni-MOFs. Therefore,
the higher current density is contributed by the higher-
oxidation state Ni cation in this study. In consequence, the 60
min sonication treatment benefits both oxidation modes at
lower and higher oxidation potentials, leading to the broadest
oxidation area and highest current intensity, as shown in Fig.
5f.

From the CV cycles in Fig. 5 and XRD results in Fig. 1a, we
observe that the oxidation state conversion of Ni-MOFs is
dependent on their crystallinities. The Ni(ll1)/Ni(IV) conversion
dominates in the formation processes of the well-ordered
plane crystals of 0 and 60 min Ni-MOFs. The Quiunigv) value
almost doubles in 60 min MOF compared to 0 min MOF,
indicating the more exposed surfaces offering more Ni cation
active sites for the higher-state conversion. In contrast, the
120 min MOF shows a severe suppression in Ni(lll)/Ni(1V)
conversion, where the lower oxidation state conversion
Ni(I1)/Ni(lll) dominates in the formation process of the less-
ordered plane crystal, where the plane crystal has been
destroyed by the excessive sonication treatment.
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Fig. 5 (a) 30-cycle CV formation process, (b) selected CV cycles, (c) and oxidation peak separation at the 30t CV cycle for 0 min Ni-MOF. (d)

30-cycle CV formation process, (e) selected CV cycles, (f) and oxidation peak separation at the 30t CV cycle for 60 min Ni-MOF. (g) 30-cycle
CV formation process, (h) selected CV cycles, (i) and oxidation peak separation at the 30t CV cycle for 120 min Ni-MOF.

During the 30-cycle formation process of Ni-MOF in 0.1 M
NaOH, the active Ni component in Ni-MOF turns into
Ni(OH),/NiOOH redox couple,’® where the NiO, bond in Ni-
MOF (Fig. 1b) first reacts with OH- to form -Ni(OH), and then is
oxidized to -NiOOH unit via a one electron process,? as
expressed in equations (2) and (3).%3

B-Ni(Il)(OH), + OH" = B-Ni(lll)OOH + H,0 + &= (2)

a-Ni(I1)(OH), + xOH" = y-Ni(IV)OOH + H,0 + xe~ (3)

B-Ni(l1)OOH = y-Ni(IV)OOH + xe- (4)
where the average oxidation state of y-phase nickel is 3.5 or
higher in equation (3).5%%> In details, the conversion between
B-phase Ni(OH), and B-phase NiOOH contributes to the first
redox couple Ni(ll)/Ni(l11) (B(11)/B(111)) as shown in equation (2),
while the conversion between a-phase Ni(OH), and y-phase
NiOOH is responsible for the second redox couple a(ll)/y(IV) as
shown in equation (3).#2 For continuous CV process, y(IV) is

This journal is © The Royal Society of Chemistry 20xx

transferred from B(lll) via a consecutive one-electron transfer
process to form a Ni(lll)/Ni(IV) (B(I11)/y(1V)) channel as shown in
equation (4).%> This consecutive evolution of Ni(ll)/Ni(I11)/Ni(1V)
has been confirmed from our observation in the 30-cycle
formation process of 60 min MOF as shown in Fig. 5e, where
the Ni(ll)/Ni(lll) peak first emerges at the 5% CV cycle and the
Ni(l11)/Ni(IV) peak subsequently emerges at the 10t CV cycle.
As the Ni(ll)/Ni(lll) redox couple reaction in equation (2)
involves an equivalent proton lattice diffusion, which happens
in all Ni-MOF samples, with similar Quiqnign) values of 2.53,
7.56, and 5.75 mC cm?2 for 0, 60, and 120 min Ni-MOFs.5566
The Ni(lll)/Ni(1V) redox couple dominates in 0 and 60 min Ni-
MOF samples, where the formation of y-NiOOH requires the
insertion of ion and water molecule in ordered interlayers, and
sonication-induced interlayer expansion and peeling helps to
enhance the insertion process, with Quiu/v) values of 6.73

J. Name., 2013, 00, 1-3 | 8
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and 15.92 mC cm2 for 0 and 60 min Ni-MOFs.%> However, this
conversion process based on Ni(lll)/Ni(IV) redox couple is fully
suppressed in 120 min Ni-MOF sample with a small Quiu/v)
value of 2.23 mC cm?, which is related to its extended
sonication-induced smashes and disorders. 60 min Ni-MOF
sample exhibits more smaller pieces than 0 min Ni-MOF and
better-ordered interlayer expansion than 120 min Ni-MOF.
Another possible explanation is that, according to XRD results,
an excessive sonication treatment leads to cracks in the
organic chains and disordered plane structures, which is not
conducive to the stable existence of Ni(lV), considering that
Camasso et al. synthesized stabled Ni(IV) in organometallic
complexes.*! Therefore in 60 min Ni-MOF, both Ni(ll)/Ni(lll)
and Ni(Ill)/Ni(IV) redox couple reactions are prominent, for the
ultrasonic treatment makes the active sites fully exposed and
improves the chemical dynamic process, as shown in Fig. 5d-f,
which leads to its broadest double oxidation CV channels and
highest current density, with significant enhancement in
Ni(11)/Ni(1l1) and Ni(ll1)/Ni(IV) couples compared to 0 min-Ni-
MOF, as shown in Fig. 5c and f.

3.3 Double-Channel Glucose Detection Performance of Ni-MOFs in
Alkaline Solution

The current response with and without 100 uM glucose as a
function of scan rate is shown in Fig. S1, where the
electrochemical process and the dependence of current
density on scan rate according to the b value are discussed in
Supporting Information S1.67.68 The slopes of log(scan rate)
versus log (current density) with and without glucose are
different in Fig. Slc, f and i, where the two linear fitting lines
intersects at a certain high scan rate between 60 and 100 mV
s1, which means that a current gain can be obtained at lower
sweep speeds (< ~ 60 mV s?!) while a current loss can be
caused at higher sweep speeds in glucose solution, different
with those in non-glucose solution. For this reason, we choose
the potential scan rate of 20 mV s in the following CV test.
The double channel non-enzymatic catalysis of glucose in
alkaline condition can be described as equations (2) to (6).32
One glucose catalysis channel refers to the oxidation of a Ni(ll)
to a Ni(lll) called Ni(ll)/Ni(lll), and the oxidation of a Ni(lll) with
a glucose to form a glucolactone and a Ni(ll) called Ni(Ill)/Ni(l1).
The other glucose catalysis channel refers to the oxidation of a
Ni(lll) to a Ni(IV) called Ni(lll)/Ni(IV), and the reaction of a
Ni(IV) with a glucose to form a glucolactone and a Ni(lll) called
Ni(IV)/Ni(1l1).

Ni(lV) + OH" + Glucose = Ni(lll) + Glucolactone + H,0 + e~ (5)

Ni(lll) + OH" + Glucose = Ni(ll) + Glucolactone + H,O + e~ (6)

The CV curves of Ni-MOFs in 0.1 M NaOH solution with
different glucose concentrations are shown in Fig. 6, where the
current density at oxidation peak increases with increasing
glucose concentration for all Ni-MOFs. The oxidation peak
potential of 0 min Ni-MOF shifts significantly toward higher
potentials with increasing glucose concentration, reaching ~0.7

This journal is © The Royal Society of Chemistry 20xx
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V at 500 and 600 uM. This strong polarization phenamenan
indicates that the ion transport is sevePély IRiHFEredTRe1high
glucose concentration for 0 min Ni-MOF.*2 The corresponding
CV peak current density at oxidation peak exhibits a significant
deflection at ~200 uM as shown in Fig. 6b, indicating that O
min Ni-MOF has a narrow linear response to glucose
concentration. The CV peak separation of Ni-MOFs with and
without 100 puM glucose by two potentials of ~0.44 and ~0.53
Vis shown in Fig. 6 and Fig. S2, respectively.

From the peak separation of CV curves of 0 min Ni-MOF with
and without 100 pM glucose in Fig. 6c, the total charge of
Q100puM Ni(I1)/(1I) = 3.47 mC cm2 and Q100puM Ni(Il)/(IV) =
8.98 mC cm? indicate that the glucose catalysis by 0 min Ni-
MOF is single Ni(IV)/Ni(lll) channel dominant as shown
equation (5), while the Ni(lll)/Ni(ll) channel is suppressed due
to the poor kinetics implied by severe polarization.*? The
polarization in oxidation peak potential is alleviated in Ni-
MOFs with longer sonication time of 30 and 60 min, where the
potential deviations are less than 0.1 V upon changing glucose
concentration from 0 to 1000 uM, as shown in Fig. 6d and g.
Correspondingly, the linearity of current density at oxidation
peak potential versus glucose concentration has also been
improved in sonicated Ni-MOFs, with the highest current
density and best linearity for 60 min Ni-MOF as shown in Fig.
6h, upon changing glucose concentration from 0 to 1000 pM
without significant deflection. As shown in Fig. 6i, the total
charge of Q100uM Ni(ll)/(I) = 6.77 mC cm? and Q100uM
Ni(l11)/(IV) = 16.48 mC cm™ indicate that both the double
channels of Ni(lll)/Ni(ll) and Ni(IV)/Ni(lll) are involved in the
glucose catalysis using 60 min Ni-MOF, and the Ni(IV)/Ni(lll)
channel plays a dominant role, as shown in equations (5) and
(6). From the peak separation of CV curve of 120 min Ni-MOF
in Fig. 6l, the total charge of Q100uM Ni(Il)/(111) = 6.23 mC cm™2
and Q100uM Ni(ll1)/(IV) = 5.65 mC cm™ indicate that the
glucose catalysis by 120 min Ni-MOF is Ni(lll)/Ni(ll) channel
dominant as shown in equation (6), while the Ni(IV)/Ni(lll)
channel is suppressed compared to 60 min due to the cracks
and disorders in the plane crystal structure caused by the
excessive sonication.*%®> Therefore, the 60 min Ni-MOF
exhibits significant increase in integrated areas of both
Ni(11)/Ni(111) and Ni(ll1)/Ni(1V) and obviously enhanced double
channel catalysis process compared to other Ni-MOFs. The
increase in current density and extended linear range of 60
min Ni-MOF should be attributed to the sonication-induced
more expanded (0 1 0) and (0 2 0) planes, which provide more
nickel active sites Ni(ll) to be oxidized to Ni(lll) and Ni(lV) as
shown in equations (2)-(4), and improves the chemical
dynamic process of the double-channel glucose catalysis
described by equations (5) and (6), allowing one active Ni(lV)
site to catalyze two glucose molecules through two continuous
one-electron reactions of Ni(IV)/Ni(lll) and Ni(lll)/Ni(ll).
Therefore, the catalytic efficiency and capacity are improved.
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calculated to be 2.62 pA mM cm2 for 0 min Ni-MOF ranging
from 10 to 1000 uM with a low detection limit of ~1.12 uM
(signal-to-noise = 3, S/N = 3), 3.26 yA mM- cm™2 for 30 min Ni-
MOF ranging from 10 to 700 uM with a low detection limit of
~0.52 uM (S/N = 3), 3.03 pA mM? cm? for 60 min Ni-MOF
ranging from 10 to 2000 uM with a low detection limit of
~1.16 uM (S/N = 3), and 2.84 pA mM? cm=2 for 120 min Ni-
MOF ranging from 10 to 700 uM with a low detection limit of
~0.25 uM (S/N = 3). With increasing glucose concentration, 60
min Ni-MOF can still maintain the higher current response with
good linearity compared with 0, 30, and 120 min Ni-MOFs, as
shown in Fig. 7c-f, which is ascribed to the synergistic double-
channel catalytic model.

Fig. 7a shows the real-time current density response of Ni-
MOFs to gradually increasing glucose concentration by
dropping corresponding volume of 5 mM glucose in 0.1 M
NaOH solution, at a constant potential value of 0.55 V. Fig. 7b
is the magnified plot of Fig. 7a at first 50 seconds. The lines
with noise at the bottom in Fig. 7a and b are real-time
experimental data, and the pulsed curves refer to average
values derived from 100 real-time data points collected within
10 s. The average current density and deviation values in Fig.
7cf in 0.1 M NaOH solutions with different glucose
concentrations are derived from 100 real-time current data
points collected within 10 s at a constant potential value of
0.55 V. At low glucose concentration of less than ~ 700 uM, all
Ni-MOFs show similar current responses. The sensitivity is
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Fig. 7 (a) Amperometric response of Ni-MOFs to glucose at a constant potential value of 0.55 V and (b) magnified plot at first 5Q seconds.

The pulsed curves represent the average values, and the lines with noise are the real-time experimental data. [CorrEsporitling80erage
current density and deviation values versus various glucose concentrations for (c) 0 min, (d) 30 min, (e) 60 min, and (f) 120 min Ni-MOFs.

3.4 Glucose Detection Mechanism

To further detect the mechanism of glucose catalysis, a
statistic chronoamperogram test (without magnetic stirring) of
Ni-MOFs was conducted in 0.1 M NaOH solutions with and
without 100 uM glucose as shown in Fig. 8a, where the current
data was collected at a constant voltage of 0.55 V and
analyzed by Cottrell’s equation (7) as shown in Fig. 8b.
I,=nFADY2Cg "2t~ 12 (7)

where |y is chronoamperometry current (A), n is the number of
electrons in the redox process of 1, F is the Faraday constant of
96485 C mol?l, A is electrode surface area of 0.07 cm?, C (mol
cm3) and D (cm? s1) are the bulk concentration of 1.001 x 104
mol cm3 (0.1 M + 100 uM) and the diffusion coefficient,
respectively.*®%° The slopes of the fitted linear curves in Fig. 8b
are proportional to the diffusion coefficients D. Therefore, for
single-electron process, the diffusion coefficients D were
calculated to be 8.15 x 107, 1.51 x 10 and 1.04 x 10® cm? s?
for 0, 60, and 120 min Ni-MOFs for catalytic process,
respectively. Detailed calculations are shown in Supporting
Information S2.

The electrode surface area of 0.07 cm? is a fixed value via
electrode fabrication. The active surface area related to
glucose detection performance of Ni-MOFs was analyzed by
Randles-Sevcik equation (8). w12 331y 1

I,=04463AC () n?D"2'% (g
where |, is oxidation peak current (A) from CV curves in Fig.
Sla, b, d, e and g, h. n is the number of electrons in the redox
process (n = 1) for single electron process, F is the Faraday
constant of 96485 C mol?, R is gas constant of 8.314 J mol! K1,
T is thermodynamic temperature of 298 K, v is CV scan rate of
0.02 V s, D is the diffusion coefficients derived by Cottrell’s
equation (equation 6), and A (cm?) is the active surface area
related to glucose detection performance of Ni-MOF
electrode.’®’! Therefore, we can roughly estimate the active
surface area related to glucose detection performance of Ni-

12 | J. Name., 2012, 00, 1-3

MOF electrode in 0.1 M NaOH solution with 100 uM glucose to
be 0.09, 0.16, and 0.06 cm? for 0, 60, and 120 min Ni-MOFs,
respectively. Therefore, the increase in diffusion coefficient
and electrochemically active surface area demonstrates the
improvement in electrochemical performance of layered Ni-
MOF by sonication treatment. It is interesting to note that the
active surface areas of 0 and 120 min Ni-MOFs (0.09 and 0.06
cm?) are close to the electrode surface area (0.07 cm?), while
the active surface area of 60 min Ni-MOF (0.16 cm?) is much
larger than the electrode surface area (0.07 cm?), indicating
that sonication-induced longitudinal-expansion has a positive
effect on promoting the activity. Detailed calculations are
shown in Supporting Information S3.

The current density versus time data in Fig. 8a was
analyzed by equation (9) as shown in Fig. 8c.

cat

1, = 7-L—l/z(l(wtc t) 12 (9)
where |, and I, are the currents in 0.1 M NaOH solutions with
and without 100 uM glucose, C (mol cm™3) is the bulk glucose
concentration of 107 mol cm3 (100 uM), and K is catalytic
rate constant.?6 I/I, and t/2 reveal a linear relationship as
shown in Fig. 8c. Therefore, K.,; values were calculated to be
2.56 x 104, 2.47 x 10%, and 1.09 x 10% cm3 mol? s for 0, 60,
and 120 min Ni-MOFs, respectively. 60 min Ni-MOF exhibits
the highest K, value, indicating its highest catalytic rate.

The EIS results of Ni-MOFs are shown in Fig. 8d, with solid
dots representing the results in 0.1 M NaOH solution and
hollow dots representing the results in 0.1 M NaOH solution
with 100 pM glucose. In general, the semicircle radius in the
high-frequency region tends to decrease with increasing
sonication time, indicating a decrease in the charge transfer
resistance of Ni-MOF electrode, which is ascribed to the fast
ionic transport of smaller topographic structures.®>%6 The
impedance of all samples increases slightly in the presence of
100 pM glucose, which is ascribed to the glucose-related
restricted kinetics process, confirmed by the calculated b
values in Fig. Slc, fand i.7?

This journal is © The Royal Society of Chemistry 20xx
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results in 0.1 M NaOH solution and hollow dots representing the results in 0.1 M NaOH solution with 100 uM glucose.

3.5 Stability and Interference of Glucose Detection Performance
using Disposable Electrode in Alkaline Solution

The long-term stability of the disposable 60 min Ni-MOF
working electrode was firstly tested by CV and
chronoamperometry as shown in Fig. 9a and b. The current
response intensity to glucose tends to decrease with time,
because the activity of the Ni-MOF material decreases with the
increased CV scan cycles. The average current density versus
time shown in Fig. 9b was tested at a constant voltage of 0.55
V for 6 hours in 0.1 M NaOH solution with 100 pM glucose,
with each average value is derived from 120 data points. The
current maintains 90% of its initial value upon the continuous
6-hour measurement. Interference study on the disposable 60
min Ni-MOF working electrode was conducted by dropping
100 puM glucose, 100 mM NacCl, 50 uM dopamine, 50 puM uric
acid, and 200 pM urea into an initial 0.1 M NaOH solution,

This journal is © The Royal Society of Chemistry 20xx

marked as a, b, ¢, d and e processes, and the amperometric
response was recorded at a constant voltage of 0.55 V, as
shown in Fig. 9c. The current density change ratios relative to
baseline derived from Fig. 9c were calculated to be 143.9% for
100 puM glucose, 25.1% for 100 mM NaCl, 56.6% for 50 pM
dopamine, 10.2% for 50 uM uric acid, and 67.5% for 200 uM
urea in an initial 0.1 M NaOH solution, respectively. The
disposable 60 min Ni-MOF working electrode shows excellent
anti-interference ability to NaCl and uric acid in sweat. The
current response to glucose was 5.73, 14.11, 2.13, and 2.54
times higher than those to NaCl, uric acid, urea, and
dopamine, respectively. Fig. 9d shows that the current
response time for glucose detection using the disposable Ni-
MOF electrode during the interference test is less than 3
second. The stability and interference tests show excellent
potentials of this disposable 60 min Ni-MOF electrode for a
sweat glucose sensor.
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3.6 Design and Performance of All-Solid-State Non-Enzymatic
Sweat Glucose Biosensor

As shown in Fig. 10a and b, the all-solid-state non-enzymatic
sweat glucose biosensor is composed of a 60 min Ni-MOF
based disposable electrode, a solid electrolyte, a working
electrode, a counter electrode, and a reference electrode. The
disposable electrode soaked with sweat was inserted into the
device and contacted with the working electrode. Neutral
solutions with different glucose concentrations from 0 to 1600
UM were dropped onto the disposable electrode for CV test at
20 mV s as shown in Fig. 10c, with their derived current
intensities at different potentials shown in the Fig. 10d. A
disposable electrode soaked with the simulated sweat
solutions was inserted into the all-solid-state device for a CV
test, with their current density values obtained at 0.75 V, as

This journal is © The Royal Society of Chemistry 20xx

shown in Fig. 10e. By comparing the glucose detection without
and with interfering substances at 0.75 V in Fig. 10d and e, it
can be found that the sensitivity of the device to detect
glucose is basically not affected by interfering substances. An
increase in current with presence of interfering substances
should come from the highly-conductive salt-containing
interfering substances. Sweat solutions were collected from a
male adult’s forehead after a moderate exercise, and
disposable electrodes were soaked with these sweat solutions.
The CV measurements were conducted using the all-solid-state
device, and the results are shown in Fig. 10f, which display the
sweat glucose concentrations of a male adult at different time
of a day according to his physiological changes, revealing the
promising application of the all-solid-state sweat glucose
device for non-invasive enzyme-free monitoring.
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3.7 Comparison of Current Response and Linear Range in Glucose
Detection with Other Studies

The comparison of current response and linear range in
glucose detection using 60 min Ni-MOF with other studies are
shown in Table S1. Compared with the glucose biosensors in
previous works, the 60 min Ni-MOF shows a high sensitivity of
3297.10 pA mM cm?, low detection limit of ~8.97 uM (S/N =
3) and wide linear response range from 10 to 400 uM from the
CV test as well as a high sensitivity of 3.03 pA mM cm2, low

This journal is © The Royal Society of Chemistry 20xx

detection limit of ~1.16 uM (S/N = 3) and wide linear response
range from 10 to 2000 uM from the chronoamperometry test.
The superior glucose detection performance of 60 min Ni-MOF
is ascribed to the following reasons: (1) the sonication-induced
longitudinal expansion of Ni-MOFs increases the exposed
layers and active nickel ion sites; (2) the synergistic Ni(lll)/Ni(ll)
and Ni(IV)/Ni(lll) double-channel catalytic model improves the
catalytic efficiency and capacity.
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4. Conclusions

In this work, we investigated the ultrasonic effects on glucose
catalytic performance of Ni-MOFs and explored double-
channel catalysis mechanism for glucose detection. The 60 min
sonication treated Ni-MOF exhibits more regularly-exposed
layers and active nickel ion sites, contributing to enhanced
Ni(l1)/Ni(ll) and more significant Ni(IV)/Ni(lll) double nickel
cation channels compared to 0 min Ni-MOF. Therefore, the 60
min Ni-MOF shows an expanded glucose current response
linear range of 10 ~ 400 pM, high sensitivity of 3297.10 pA
mM- cm2 and low detection limit of ~8.97 uM (S/N = 3) from
the CV test as well as an expanded glucose current response
linear range of 10 ~ 2000 uM, high sensitivity of 3.03 pA mM?
cm2 and low detection limit of ~1.16 uM (S/N = 3) from the
chronoamperometry test. An all-solid-state glucose sensor
using a PVA/NaOH solid-sated electrolyte and a disposable 60
min Ni-MOF working electrode was assembled for non-
enzymatic sweat glucose detection, showing a sensitivity of
470.40 pA mM™ cm=2 from 0 to 200 uM. The strategy in this
work should be promisingly applied in exploring high-
performance Ni-based sensing materials for safe and facile
non-enzymatic sweat glucose detection.
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