
Nanoscale

PAPER

Cite this: Nanoscale, 2025, 17, 2589

Received 21st October 2024,
Accepted 7th January 2025

DOI: 10.1039/d4nr04342a

rsc.li/nanoscale

Construction of bimetallic oxy-hydroxides based
on Ni(OH)2 nanosheets for sensitive
non-enzymatic glucose detection via
electrochemical oxidation and incorporation†
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Due to their ease of synthesis and large specific surface area, Ni(OH)2 nanosheets have emerged as prom-

ising electrochemical sensing materials, attracting significant attention in recent years. Herein, a series of

oxy-hydroxides based on Ni(OH)2 nanosheets, including NiOx/Ni(OH)2@NF and (MNi)Ox/Ni(OH)2@NF

(M = Co, Fe, or Cr), are successfully synthesized via the electrochemical oxidation and incorporation strat-

egies. Electrochemical tests demonstrate that these Ni(OH)2-based oxy-hydroxides exhibit excellent

electrochemical oxidation activity for glucose in alkaline electrolyte. Among these, (CoNi)Ox/Ni(OH)2@NF

displays higher sensitivity of 3590.3 μA mM−1 cm−2 across a broad linear range of 10 μM to 1.14 mM, with

a rapid current response time of less than 4 s. The superior sensing performances of (CoNi)Ox/

Ni(OH)2@NF are attributed to the formation of abundant Ni3+ species and reactive-O atoms due to the

electrochemical oxidation, and the synergistic effects of Co/Ni active sites resulting from the electro-

chemical incorporation process. In addition, the (CoNi)Ox/Ni(OH)2@NF demonstrates good stability and

reproducibility for glucose sensing. This work fully leverages the significance of surface reconstruction of

Ni(OH)2, providing new insights for the application of transition metal-based oxy-hydroxide materials in

bio-sensing.

1. Introduction

The concentration of glucose in blood is a significant index to
reflect the health condition of the human body.1,2 As is known
to all, low glucose concentration will make people feel weak
and even go unconscious, while a long-term high concen-
tration of glucose in the blood will increase the risk of human
obesity, diabetes and other chronic diseases.3 Thus, develop-
ing accurate and efficient glucose sensors is of great signifi-
cance for human health monitoring. In addition, glucose
sensors also play an important role in the food industry.4,5

Typically, glucose detection can be achieved through two
methods: enzymatic sensing and non-enzymatic sensing.6–8

The enzymatic sensors exhibit high selectivity and sensitivity
for glucose detection; however, their activity can be easily
affected by the temperature and pH of the environment.9,10

Compared with enzymatic sensors, the recently developed
non-enzymatic sensors not only have high sensitivity, out-
standing stability, and fast response speed for glucose detec-
tion, but also show good stability to the detection
environment.11,12

Currently, a variety of materials have been investigated as
non-enzymatic glucose sensors, such as precious metals rep-Weiji Dai
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resented by Pt and Au.13,14 Pt is well-known as a state-of-the-
art electrocatalyst for the hydrogen evolution reaction.15,16

Here, Pt also shows excellent catalytic ability for glucose oxi-
dation; however, it has low anti-interference ability since it can
be easily affected by uric acid in the blood.17 Au has a strong
selectivity and a low oxidation potential for glucose detection,
but its high-cost has limited its commercial application.18,19

Fortunately, non-precious transition metal-based materials
represented by Co, Ni, Cu, and their compounds have been
intensively investigated as promising candidates for glucose
sensing.20–22 Benefiting from the well-designed nanostructure,
researchers have obtained a series of transition metal-based
alloys, oxides, and hydroxides with a large specific surface area
and abundant active sites for non-enzymatic glucose
detection.23–25 It is worth mentioning that transition metal-
based oxy-hydroxides are considered to be the true active
materials for glucose sensing according to the widely accepted
catalytic mechanism of glucose oxidation,26,27 and thus the
M2+/M3+ couples are identified as the active sites. In this
regard, designing an active surface with abundant M2+/M3+

couples is a promising strategy to enhance the sensing ability
for glucose.28,29 Moreover, introducing extra catalytic sites to
achieve synergistic effects can further contribute to the cata-
lytic performance of glucose oxidation.30,31

Based on the above considerations, bimetallic oxy-hydrox-
ides based on Ni(OH)2 nanosheets ((CoNi)Ox/Ni(OH)2@NF)
were designed and prepared as high performance non-enzy-
matic sensors for glucose. In this work, electrochemical oxi-
dation was conducted on Ni(OH)2 nanosheets to prepare an
active surface with abundant Ni3+ species (NiOOH) and reac-
tive-O atoms. Subsequently, Co2+ ions were incorporated
onto the active surface via electrochemical deposition, thus
forming a bimetallic oxy-hydroxide electrocatalyst ((CoNi)Ox/
Ni(OH)2@NF). XPS results revealed that highly active
Co4+ species were obtained on the surface of (CoNi)Ox/
Ni(OH)2@NF. With the help of abundant reactive-O atoms, the
Co4+ species can accelerate the transformation of Ni2+ to Ni3+

species (NiOOH), which has been recognized as one of the
most active materials for oxidizing glucose to gluconolactone.
Thanks to the synergistic effects of the Co/Ni bimetallic sites,
the (CoNi)Ox/Ni(OH)2@NF exhibited good glucose sensing per-
formance, including a high sensitivity of 3590.3 μA mM−1

cm−2 in a linear range of 10 μM to 1.14 mM, and a fast
response time of less than 4 s. Meanwhile, the obtained (CoNi)
Ox/Ni(OH)2@NF had favorable selectivity and stability in
glucose sensing.

2. Experimental
2.1. Chemicals

Nickel nitrate (Ni(NO3)2·6H2O, ≥98%), urea (CO(NH2)2, ≥99%),
ammonium fluoride (NH4F, ≥96%), potassium hydroxide
(KOH, ≥85%), iron nitrate (Fe(NO3)3·9H2O, ≥98%), cobalt
nitrate (Co(NO3)2·6H2O, ≥99%), chromium nitrate
(Cr(NO3)3·9H2O, ≥99%), sodium hydroxide (NaOH, ≥99.9%),

glucose (C6H12O6, ≥99.5%), ascorbic acid (AA, ≥99%), uric
acid (UA, ≥99%), dopamine (DA, ≥98%), sodium chloride
(NaCl, ≥99.8%), and fructose (≥99%) were purchased from
Aladdin Chemical Co. Ltd, China. All chemicals mentioned
above were used as supplied, without any further treatment.
Nickel foam (NF) used as the substrate for the catalysts was
provided by Suzhou Wingrise Energy Technology Co. Ltd,
China. In order to remove the oxides on the surface, the tai-
lored NF with a working area of 1 cm2 was cleaned sequentially
with 2 M HCl solution, anhydrous ethanol, and deionized
water for 5 min each. Finally, the cleaned NF was dried in an
oven at 60 °C for 1 h.

2.2. Preparation of Ni(OH)2@NF

The Ni(OH)2 nanosheets were synthesized through a typical
hydrothermal method with NF as the substrate. Initially, a
homogeneous solution was prepared with NH4F (0.074 g),
Ni(NO3)2·6H2O (0.291 g), and CO(NH2)2 (0.15 g) dissolved in
deionized water (30 mL). Afterwards, the obtained solution
was transferred into a Teflon-lined stainless-steel autoclave,
along with two pieces of pre-treated NF. Subsequently, the
sealed autoclave was heated to 120 °C in 1 h, and kept for 6 h.
After naturally cooling to room temperature, the obtained
Ni(OH)2@NF was further cleaned with deionized water and
anhydrous ethanol, respectively. Finally, the Ni(OH)2@NF was
dried in an oven at 60 °C for 1 h.

2.3. Preparation of NiOx/Ni(OH)2@NF

The NiOx/Ni(OH)2@NF was prepared via electrochemical oxi-
dation on Ni(OH)2@NF in 1 M KOH solution. As reported in
our previous work, a standard three-electrode system was
employed with Ni(OH)2@NF as the working electrode, a Pt
sheet as the counter electrode, and an Ag/AgCl electrode as the
reference electrode.32 The electrochemical oxidation was per-
formed at a constant potential of 0.656 V (vs. Ag/AgCl), corres-
ponding to an initial current density of 20 mA cm−2 for the
oxygen evolution reaction (OER). As the current–time (i–t )
curve shows in Fig. S1,† the OER current density obviously
increased in the first 2 h, indicating that surface reconstruc-
tion occurred, and reached stability in the next 3 h. After the
electrochemical oxidation, the NiOx/Ni(OH)2@NF was washed
with deionized water and anhydrous ethanol sequentially.

2.4. Preparation of (CoNi)Ox/Ni(OH)2@NF, (FeNi)Ox/
Ni(OH)2@NF, and (CrNi)Ox/Ni(OH)2@NF

The (CoNi)Ox/Ni(OH)2@NF was obtained via electrochemical
incorporation of Co2+ ions onto the NiOx/Ni(OH)2@NF as illus-
trated in Fig. 1a. Firstly, a homogeneous solution was prepared
by dissolving 0.291 g of Co(NO3)2·6H2O in 50 mL of deionized
water as the electrolyte for electrochemical incorporation.
Secondly, cyclic voltammetry (CV) scanning was conducted on
the NiOx/Ni(OH)2@NF at a scan rate of 10 mV s−1 for 5 cycles,
with the voltage ranging from −1.2 to 0.6 V (vs. Ag/AgCl).
Finally, the obtained (CoNi)Ox/Ni(OH)2@NF was sequentially
rinsed with deionized water and anhydrous ethanol.
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The preparation processes of (FeNi)Ox/Ni(OH)2@NF and
(CrNi)Ox/Ni(OH)2@NF are similar to that of (CoNi)Ox/
Ni(OH)2@NF except for the electrolyte used for electro-
chemical incorporation. As for the preparation of (FeNi)Ox/
Ni(OH)2@NF, 0.4041 g Fe(NO3)3·9H2O was dissolved in 50 mL
of deionized water to obtain the electrolyte. Similarly, 0.4002 g
Cr(NO3)3·9H2O was dissolved in 50 mL of deionized water to
obtain the electrolyte for the preparation of (CrNi)Ox/
Ni(OH)2@NF.

2.5. Material characterization

The phase composition and crystal structure were determined
by X-ray diffraction (XRD) on a Bruker-D2 PHASER instrument
(Bruker AXS) using Cu-Kα radiation (λ = 1.5418 Å). Specifically,
the spectra were recorded over a 2θ range from 10 to 80° with a
step size of 0.02° and a dwell time of 0.1 s per step, under
operating conditions of 30 kV and 10 mA. The microstructure
of the catalysts was examined using scanning electron
microscopy (SEM) on a Quanta 250 FEG instrument (Thermo
Fisher Scientific Inc.) and transmission electron microscopy
(TEM) on a Tecnai G2 F30 S-TWIN (FEI). The surface compo-
sition, chemical state, and bonding configuration were
assessed via X-ray photoelectron spectroscopy (XPS) using a
Kratos-AXIS system, with the C 1 s peak at a binding energy of
284.8 eV used for spectral calibration.

2.6. Electrochemical measurements

All electrochemical experiments were performed using a CHI
660E electrochemical workstation with a standard three-elec-
trode configuration. In this configuration, the Ag/AgCl elec-
trode (saturated KCl) and the platinum sheet electrode were
used as the reference electrode and counter electrode, respect-
ively. A 0.1 M NaOH solution (100 mL) was employed as the

electrolyte for glucose detection measurements. The geometric
area of the working electrode immersed in the electrolyte was
1 cm2. The electrochemical performance of the glucose sensor
was evaluated using CV scanning and chronoamperometry
methods, where ΔI = IResponse − IInitial. CV scanning measure-
ments were performed over a potential range of 0 to 0.8 V (vs.
Ag/AgCl) at a scan rate of 10 mV s−1, unless otherwise speci-
fied. During the chronoamperometry tests, the electrolyte was
stirred at 200 rpm to facilitate convective transport. All tests
were conducted under optimal conditions unless otherwise
specified in the text.

3. Results and discussion

The crystal structure of the samples was characterized using
the XRD technique. Fig. S2† displays the XRD results of Ni
(OH)2@NF and NiOx/Ni(OH)2@NF, showing that Ni(OH)2 was
successfully synthesized on the NF substrate via a one-step
hydrothermal reaction, and Ni(OH)2 still existed after the
electrochemical oxidation process. In this case, the Ni(OH)2
served as a base material for preparing the active surface of
NiOx, which was found with abundant reactive-O atoms and
Ni3+ species formed due to the electrochemical oxidation
process. The electrochemical oxidation of Ni(OH)2@NF was
conducted under a voltage of 0.656 V (vs. Ag/AgCl), which can
deliver considerable current density of the OER. The derived
OER intermediates, such as OHads, Oads, OOHads, and O2ads,
were adsorbed on metallic sites resulting in the formation of
M–OH, M–O, M–OOH and M–O2. Among them, the Oads was
regarded as the reactive-O atom, which can bond with one
adsorbed OH− to form the OOHads.

32 As shown in Fig. S3,† the
XPS spectra of Ni 2p and O 1s display that the contents of Ni3+

increased from 41.4% to 41.9%, and the contents of Ni–O

Fig. 1 (a) Schematic illustration of the preparation process of bimetallic oxy-hydroxides on Ni(OH)2 nanosheets. (b) XRD pattern of (CoNi)Ox/Ni
(OH)2@NF. SEM images: (c) NiOx/Ni(OH)2@NF, and (d) (CoNi)Ox/Ni(OH)2@NF.
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bonds increased from 32.9% to 40.5% for the NiOx/
Ni(OH)2@NF. This indicates that more Ni3+ species and reac-
tive-O atoms formed due to the electrochemical oxidation.
After the electrochemical incorporation of Co2+ ions onto
the reconstructed surface, the XRD spectra of (CoNi)Ox/
Ni(OH)2@NF showed similar diffraction peaks to those of
NiOx/Ni(OH)2@NF. As shown in Fig. 1b, the diffraction peaks at
44.7°, 52.0°, and 76.4° correspond perfectly to the (111), (200),
and (220) crystal planes of metallic Ni (PDF#04-0850), primar-
ily attributed to the chosen NF substrate. Meanwhile, the diffr-
action peaks at 19.4°, 33.5°, 39.1°, 52.1°, and 59.8° correspond
to the reflection planes of (001), (100), (101), (102), and (110),
respectively, which are characteristic of the pure hexagonal
phase of Ni(OH)2 (PDF#14-0117). Therefore, the XRD analysis
indicates that the Ni(OH)2 was not completely reconstructed
by the electrochemical oxidation and deposition. In Fig. 1c
and d, the SEM images show a morphology of cross-grown
nanosheets for both the NiOx/Ni(OH)2@NF and (CoNi)Ox/
Ni(OH)2@NF electrodes, which is consistent with the micro-
structure of Ni(OH)2@NF (Fig. S4†). Therefore, the SEM results
further confirm the XRD results that Ni(OH)2 nanosheets were

not completely reconstructed by the electrochemical oxidation
and deposition; thus, the Ni(OH)2 nanosheets served as a tem-
plate for further preparing the bimetallic oxy-hydroxides. It is
worth mentioning that the sheet-like morphology of the Ni
(OH)2 template is believed to bring a larger surface area of the
prepared electrodes, benefiting the exposure of catalytic
sites.33

The surface reconstructed Ni(OH)2 nanosheets were further
investigated via TEM methods to show the changes that
resulted from the electrochemical deposition. As shown in
Fig. 2a, the TEM image of a (CoNi)Ox/Ni(OH)2 nanosheet dis-
plays obvious differences between the rim and core of the
nanosheet. Selected area electronic diffraction (SAED) was per-
formed on the core area of the (CoNi)Ox/Ni(OH)2 nanosheet,
showing a clear crystal structure corresponding to the hexag-
onal phase of Ni(OH)2. According to the SAED pattern in
Fig. 2b, the marked diffraction points can well correspond to
the (100) and (111) planes of Ni(OH)2. Meanwhile, the high-
resolution TEM (HRTEM) image of the core area of the (CoNi)
Ox/Ni(OH)2 nanosheet clearly displays an interplanar spacing
of about 0.258 nm (Fig. 2c), confirming the (100) plane of

Fig. 2 (a) TEM image of (CoNi)Ox/Ni(OH)2@NF. (b) SAED pattern of the core area of (CoNi)Ox/Ni(OH)2@NF. (c) High-resolution TEM image of the
core area of (CoNi)Ox/Ni(OH)2@NF. (d) TEM image of the rim area of (CoNi)Ox/Ni(OH)2@NF. (e) HAADF and elemental mappings of (CoNi)Ox/Ni
(OH)2@NF.
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Ni(OH)2. However, the TEM image in Fig. 2d reveals a non-crys-
talline characteristic for the rim area of the (CoNi)Ox/Ni(OH)2
nanosheet as marked with the white dashed line, indicating
that the surface of the Ni(OH)2 nanosheet was reconstructed
due to the electrochemical oxidation and deposition. The high
angle annular dark field (HAADF) image and elemental map-
pings in Fig. 2e show that Co2+ ions were successfully incorpor-
ated onto the reconstructed surface of the NiOx/Ni(OH)2@NF,
since the elements Co, Ni, and O were uniformly distributed
across the whole nanosheet. In addition, the EDS results reveal
that the atomic ratio of incorporated Co is about 0.71%
(Fig. S5†).

To elucidate the changes in elemental composition and
chemical state after the electrochemical deposition, XPS ana-
lysis was further performed on the (CoNi)Ox/Ni(OH)2@NF elec-
trode. As shown in Fig. 3a, the survey spectra of (CoNi)Ox/
Ni(OH)2@NF clearly display the binding energy peaks of
elements Ni, Co, and O, confirming the successful incorpor-
ation of Co2+ ions onto the surface of NiOx/Ni(OH)2@NF. The
binding energy peaks of Ni2+ 2p3/2 (855.7 eV) and Ni2+ 2p1/2
(873.3 eV) confirm that Ni–OH bonds remained on the recon-
structed surface (Fig. 3b).34,35 Meanwhile, the binding energy
peaks located at 857.0 and 874.9 eV typically belonging to Ni3+

2p3/2 and Ni3+ 2p1/2 reveal the existence of Ni3+ species
(NiOOH).36 This indicates that NiOOH remained after the
electrochemical deposition process. Fig. 3c shows the high-
resolution XPS spectra of Co 2p, where prominent binding
energy peaks at 781.0 and 796.8 eV corresponding to Co 2p3/2
and Co 2p1/2, respectively, confirm the successful incorpor-
ation of Co2+ ions onto the surface of NiOx/Ni(OH)2@NF.37–39

The deconvoluted peaks located at 781.9, 797.2, 780.6, and
796.2 eV correspond to Co2+ 2p3/2, Co

2+ 2p1/2, Co
3+ 2p3/2, and

Co3+ 2p1/2, respectively.
40,41 More importantly, the high-resolu-

tion XPS spectra of Co 2p further display two binding energy
peaks located at 783.4 and 798.2 eV, which can correspond to
Co4+ 2p3/2 and Co4+ 2p1/2, respectively. This indicates that
highly active Co4+ species (CoO2) were prepared on the surface
of (CoNi)Ox/Ni(OH)2@NF.42 In addition, the deconvoluted O
1s spectra in Fig. 3d reveal the formation of M–O (530.9 eV)
and M–OH (531.5 eV) bonds, corresponding to the derived oxy-
hydroxides.41,43 In brief, the XPS results confirm the successful
preparation of bimetallic oxy-hydroxides on the surface of
(CoNi)Ox/Ni(OH)2@NF.

To preliminarily investigate the catalytic performance of
(CoNi)Ox/Ni(OH)2@NF towards glucose oxidation, CV tests
were conducted with and without the addition of glucose in

Fig. 3 (a) Survey spectra of (CoNi)Ox/Ni(OH)2@NF. High-resolution XPS spectra: (b) Ni 2p, (c) Co 2p, and (d) O 1s.
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0.1 M NaOH solution. As shown in Fig. 4a, the CV curve of
(CoNi)Ox/Ni(OH)2@NF exhibits an oxidation peak near 0.58 V
(vs. Ag/AgCl) and a reduction peak near 0.14 V (vs. Ag/AgCl) in
the absence of glucose, typically indicating that Co2+/Ni2+ are
oxidized to Co3+/Ni3+ at around 0.58 V (vs. Ag/AgCl), and Co3+/
Ni3+ are reduced back to Co2+/Ni2+ at approximately 0.14 V (vs.
Ag/AgCl).44 With the addition of 1 mM glucose, the response
current was significantly increased with the oxidation peak
shifting to around 0.6 V (vs. Ag/AgCl) during the CV test. The
obviously increased oxidation current density can be ascribed
to the oxidation of glucose by the Co/Ni sites of the bimetallic
oxy-hydroxides. As reported in the literature, the Ni3+ species
(NiOOH) were regarded as one of the most active materials for
oxidizing glucose to gluconolactone, regardless of the original
form of nickel-based materials.45 Meanwhile, the Co4+ species
(CoO2) were also recognized as active materials for glucose
sensing.46 Therefore, based on the valence state changes of
Ni3+ and Co4+ species during glucose oxidation, the following
sensing mechanism should be included for (CoNi)Ox/
Ni(OH)2@NF:

Co2þ=Ni2þ ! Co3þ=Ni3þ þ e� ð1Þ

Co3þ ! Co4þ þ e� ð2Þ

Ni3þ þ Glucose ! Ni2þ þ Gluconolactone ð3Þ

Co4þ þ Glucose ! Co3þ þ Gluconolactone ð4Þ
More importantly, a new pathway for oxidizing glucose to

gluconolactone was proposed based on the reactive-O atoms of
(CoNi)Ox/Ni(OH)2@NF, since the reactive-O atoms can contrib-
ute to the formation of Ni3+ species (NiOOH). With the oxi-
dative Co4+ species as electron acceptors, the Ni–O (reactive-O
atoms adsorbed on Ni2+ sites) can bond with adsorbed OH− to
form Ni–OOH (Ni3+ species). The corresponding sensing
mechanism was inferred as follows:

Co4þ þ Ni2þ þ Oads þ Glucose ! Co3þ þ Ni2þ

þ Gluconolactone ð5Þ
This new pathway can make use of Ni2+ sites for oxidizing

glucose to gluconolactone with the help of reactive-O atoms
and Co4+ species, thus enhancing the sensing performance.

CV tests were also performed on Ni(OH)2@NF, NiOx/
Ni(OH)2@NF, (FeNi)Ox/Ni(OH)2@NF, and (CrNi)Ox/Ni(OH)2@NF
electrodes to show the current response for glucose detection.
In Fig. S6,† all of the prepared electrodes show ability for
glucose detection. However, the (CoNi)Ox/Ni(OH)2@NF exhi-
bits a current density of 12.8 mA cm−2 at the oxidation poten-
tial of 0.6 V (vs. Ag/AgCl), higher than that of both the
Ni(OH)2@NF (5.0 mA cm−2) and NiOx/Ni(OH)2@NF (11.2 mA
cm−2) electrodes (Fig. 4b). The significant improvement of
NiOx/Ni(OH)2@NF compared to Ni(OH)2@NF can mainly be
ascribed to the formation of more Ni3+ species due to the

Fig. 4 (a) CV curves of (CoNi)Ox/Ni(OH)2@NF at a scan rate of 10 mV s−1 with and without the addition of 1 mM glucose. (b) CV curves at a scan
rate of 10 mV s−1 with the addition of 1 mM glucose. (c) CV curves at a scan rate of 10 mV s−1 with addition of 1 mM glucose. (d) CV curves of (CoNi)
Ox/Ni(OH)2@NF with different concentrations of glucose addition. (e) CV curves of (CoNi)Ox/Ni(OH)2@NF with different scan rates. (f ) The current
response verses the square root of the scan rate derived from (e).
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electrochemical oxidation. With the incorporation of Co2+ ions
as well as the derived Co4+ ions, the synergistic effects between
the Co/Ni catalytic sites further enhanced the electrocatalytic
performance of glucose oxidation. In Fig. S7,† the glucose
sensing performance of Co/Ni(OH)2@NF for which the Co ions
were directly deposited on the surface of Ni(OH)2@NF was
evaluated. The response current of Co/Ni(OH)2@NF with
glucose addition is only 4.9 mA cm−2, which is obviously lower
than that of (CoNi)Ox/Ni(OH)2@NF. It is worth noting that the
ratio of Ni3+ species to reactive-O atoms (Oads) for Ni(OH)2@NF
is lower than that of NiOx/Ni(OH)2@NF (Fig. S3†). That is to
say, without enough Ni3+ species and reactive-O atoms, the
glucose sensing performance of Co4+ species was significantly
restricted. Thus, the enhanced glucose sensing performance of
(CoNi)Ox/Ni(OH)2@NF can be ascribed to the synergistic
effects between Ni and Co catalytic sites as shown in mecha-
nism (3), (4), and (5). However, mechanism (4) and (5) for the
(FeNi)Ox/Ni(OH)2@NF and (CrNi)Ox/Ni(OH)2@NF electrodes
may be unusable due to the lower activity of Fe2O3 and Cr2O3.
As a result, the response current densities of the (FeNi)Ox/Ni
(OH)2@NF (9.6 mA cm−2) and (CrNi)Ox/Ni(OH)2@NF (9.8 mA
cm−2) electrodes are lower than that of (CoNi)Ox/Ni(OH)2@NF
(Fig. 4c).

Fig. 4d shows the CV curves of (CoNi)Ox/Ni(OH)2@NF in
solutions with varying concentrations of glucose. The current
density at the oxidation potential gradually increased with
increasing glucose concentration, indicating that (CoNi)Ox/
Ni(OH)2@NF possesses good catalytic ability towards glucose
oxidation over a wide concentration range, thus highlighting
its potential for constructing glucose sensors.47 CV tests were
also conducted on the Ni(OH)2@NF, NiOx/Ni(OH)2@NF,
(FeNi)Ox/Ni(OH)2@NF, and (CrNi)Ox/Ni(OH)2@NF electrodes
as shown in Fig. S8.† Similarly, all of the prepared electrodes
exhibit an enhanced response current on increasing the con-
centration of glucose in solution, demonstrating the effective
electrocatalytic ability of the Ni(OH)2@NF, NiOx/Ni(OH)2@NF,
(FeNi)Ox/Ni(OH)2@NF, and (CrNi)Ox/Ni(OH)2@NF electrodes
towards glucose detection. Fig. 4e presents the CV curves of
(CoNi)Ox/Ni(OH)2@NF in a solution containing 0.1 M NaOH
and 1 mM glucose, recorded at different scan rates ranging
from 10 to 100 mV s−1. As shown in Fig. 4f, the corres-
ponding oxidation current density improved with increasing
scan rate, showing a linear relationship with the square root
of the scan rate, and revealing a diffusion-controlled electro-
chemical process.48 The CV curves of the other four electro-
des at different scan rates are shown in Fig. S9,† similarly
demonstrating the corresponding linear relationships
(Fig. S10†).

To determine the optimal potential of (CoNi)Ox/
Ni(OH)2@NF for glucose detection, chronoamperometry tests
with incremental addition of 1 mM glucose were applied at
potentials ranging from 0.4 to 0.65 V (vs. Ag/AgCl). As shown
in Fig. 5a, the (CoNi)Ox/Ni(OH)2@NF electrode exhibits an
obvious current response to glucose across all the chosen vol-
tages applied. The corresponding ΔI increased with higher vol-
tages applied, reaching the maximum value at 0.6 V (vs. Ag/

AgCl) and decreasing at 0.65 V (vs. Ag/AgCl). In Fig. 5b, the
corresponding concentration-current fitting lines of different
applied voltages display that the largest slope appeared at 0.6
V (vs. Ag/AgCl). In this regard, the optimal potential of (CoNi)
Ox/Ni(OH)2@NF for glucose detection is determined to be 0.6
V (vs. Ag/AgCl), and thus the voltage of 0.6 V (vs. Ag/AgCl) was
selected as the working voltage for (CoNi)Ox/Ni(OH)2@NF in
subsequent measurements. With the same testing method, the
optimal potentials for the Ni(OH)2@NF, NiOx/Ni(OH)2@NF,
(FeNi)Ox/Ni(OH)2@NF, and (CrNi)Ox/Ni(OH)2@NF electrodes
were determined to be 0.6, 0.6, 0.5, and 0.6 V (vs. Ag/AgCl),
respectively (Fig. S11†).

The detailed glucose sensing performance of (CoNi)Ox/
Ni(OH)2@NF was obtained through a chronoamperometry test
by sequentially adding glucose at 50 s intervals. The amount of
glucose addition changed every 150 s, and these changes were
marked with downward pointing arrows and the corres-
ponding amounts of glucose on the i–t curve. As the i–t curve
in Fig. 5c shows, the current density quickly rises to a steady
state with the addition of glucose, demonstrating its efficient
glucose sensing capability. A noticeable current response is
observed starting from the glucose concentration of 10 μM,
indicating sensitive detection at low concentrations.
Furthermore, the response current continuously improves with
increasing concentration of glucose until 11.04 mM. The
linear fitting between glucose concentration and response
current is depicted in Fig. 5d, showing a significant linear
relationship within the range of 10 μM to 1.14 mM. The linear
fitting equation is I(mA) = 3.5903C(mM) + 2.133, with an R2

value of 0.9969, yielding a sensitivity of 3590.3 μA mM−1 cm−2.
Additionally, i–t curves with varying glucose concentrations
were recorded for the Ni(OH)2@NF, NiOx/Ni(OH)2@NF, (FeNi)
Ox/Ni(OH)2@NF, and (CrNi)Ox/Ni(OH)2@NF electrodes as
shown in Fig. S12.† According to the linear fitting results in
Fig. S13,† the corresponding sensitivity values for Ni
(OH)2@NF, NiOx/Ni(OH)2@NF, (FeNi)Ox/Ni(OH)2@NF, and
(CrNi)Ox/Ni(OH)2@NF within their respective response ranges
are reported as 698.3, 1504.0, 637.7, and 2810.6 μA mM−1

cm−2, respectively (Fig. 5e). Furthermore, the sensitivity of
(CoNi)Ox/Ni(OH)2@NF is competitive with the recently
reported non-enzymatic electrocatalysts as shown in Table S1.†
This highlights that (CoNi)Ox/Ni(OH)2@NF exhibits outstand-
ing sensitivity, making it advantageous for catalyzing glucose
oxidation. Apart from the sensitivity, the response time is also
crucial in evaluating the glucose sensing performance. Fig. 5f
demonstrates that (CoNi)Ox/Ni(OH)2@NF achieves a rapid
response within 4 s upon adding 1 mM glucose to the electro-
lyte, indicating its potential for real-time glucose concentration
detection. The i–t curves to determine the response times of
the Ni(OH)2@NF (4 s), NiOx/Ni(OH)2@NF (4 s), (FeNi)Ox/
Ni(OH)2@NF (6 s), and (CrNi)Ox/Ni(OH)2@NF (10 s) electrodes
are shown in Fig. S14.† As a result, the (CoNi)Ox/Ni(OH)2@NF
exhibits a lower response time, showing a rapid response for
glucose sensing (Fig. 5g).

Considering that for practical applications glucose sensors
must exhibit specificity in detecting target analytes among
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various interfering substances commonly found in serum, the
anti-interference performance was investigated through a
chronoamperometry test by adding AA, UA, DA, NaCl, and
fructose. Fig. 5h illustrates that the (CoNi)Ox/Ni(OH)2@NF
electrode displays no significant fluctuations when adding AA,
UA, DA, NaCl, and fructose into the electrolyte. However, it
still maintains a sensitive response to glucose even after
sequential addition of these potential interferents, demon-
strating its robust anti-interference capability. Comparable
results are observed for the Ni(OH)2@NF, NiOx/Ni(OH)2@NF,
(FeNi)Ox/Ni(OH)2@NF, and (CrNi)Ox/Ni(OH)2@NF electrodes
as shown in Fig. S15.† Stability is essential for prolonged
sensor application. Fig. 5i shows that (CoNi)Ox/Ni(OH)2@NF

keeps a high current response in a 2000 s test period, indicat-
ing its excellent electrochemical stability suitable for long-term
testing. Stability tests for the Ni(OH)2@NF, NiOx/Ni(OH)2@NF,
(FeNi)Ox/Ni(OH)2@NF, and (CrNi)Ox/Ni(OH)2@NF electrodes
are depicted in Fig. S16,† showing satisfactory electrochemical
stability. Overall, the (CoNi)Ox/Ni(OH)2@NF electrode exhibits
superior performance in terms of sensitivity, immunity to
interference, and stability, making it highly promising for sen-
sitive glucose detection applications. This suggests that (CoNi)
Ox/Ni(OH)2@NF, synthesized via the electrochemical oxidation
of Ni(OH)2 nanosheets, and incorporated with Co2+ ions, rep-
resents a feasible approach for high-performance non-enzyme
glucose sensors.

Fig. 5 (a) i–t curves of (CoNi)Ox/Ni(OH)2@NF at different voltages with incremental addition of 1 mM glucose. (b) The corresponding concen-
tration–current fitting curves of (a). (c) i–t curve of (CoNi)Ox/Ni(OH)2@NF at a potential of 0.6 V (vs. Ag/AgCl) with addition of different concen-
trations of glucose. (d) The corresponding concentration–current fitting curve of (c). (e) The sensitivity of the prepared samples. (f ) i–t curve of
(CoNi)Ox/Ni(OH)2@NF with the addition of 10 μM glucose. (g) The current response time of the prepared samples. (h) i–t curve of (CoNi)Ox/
Ni(OH)2@NF with the addition of glucose, AA, UA, DA, NaCl, and fructose. (i) Long-term stability of (CoNi)Ox/Ni(OH)2@NF with the addition of 1 mM
glucose.
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4. Conclusion

In conclusion, this study successfully prepared bimetallic
oxy-hydroxides based on Ni(OH)2 nanosheets ((CoNi)Ox/
Ni(OH)2@NF) as a high performance sensing material for
glucose detection. The sheet-like morphology of the Ni(OH)2
template is helpful for improving the specific surface area of
the electrode. The electrochemical oxidation of Ni(OH)2@NF
creates an active surface with abundant Ni3+ species and reac-
tive-O atoms formed. In addition, Co2+ ions are incorporated
onto the active surface and Co4+ species are derived due to the
electrochemical deposition. A new pathway for oxidizing
glucose to gluconolactone is proposed based on Ni2+ sites,
reactive-O atoms and Co4+ species for the (CoNi)Ox/
Ni(OH)2@NF. The synergistic effects of the Co/Ni active sites
contribute to the enhanced catalytic activity of (CoNi)Ox/
Ni(OH)2@NF for glucose sensing. The optimized (CoNi)Ox/
Ni(OH)2@NF exhibits a high sensitivity of 3590.3 μA mM−1

cm−2 in a linear range of 10 μM to 1.14 mM, and a fast response
time of less than 4 s. Furthermore, the (CoNi)Ox/Ni(OH)2@NF
also demonstrated good anti-interference properties and
long-term stability. These findings suggest that (CoNi)Ox/Ni
(OH)2@NF is a promising non-enzymatic glucose sensing
material.
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