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Reasonable design and development of bifunctional electrodes for glucose and hydrogen peroxide
(H20,) detection are of great significance since glucose and H,O, levels are important indicators for
evaluating environmental and dietary health. In this work, we develop a simple and efficient strategy to
fabricate self-supported and low-cost carbon electrodes consisting of two-dimensional (2D) ultrathin
heterostructures of NiCo layered double hydroxide (LDH)/NiCoS array nanostructures and a carbon
cloth (CC) substrate via a hard template method, exhibiting superior detection performances for glucose
and H,O,. A 2D Co MOF is employed as a sacrificial template and a Co source for the growth of NiCo
LDH, which can also ensure the anchoring and stability of the nanosheet. Owing to the interface
and the 2D ultrathin structure of NiCo LDH/NiCoS, the obtained self-supported carbon electrode
shows excellent sensitivities for glucose oxidation (2167 and 1417 pA mM~t cm~2) and H,O, reduction
(285 pA mM~t cm™2) with significant anti-interference and a low detection limit. The stronger electronic
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interaction at the hybrid interface between NiCo LDH and NiCoS facilitates the adsorption of reactants
and the desorption of products, and promotes the rapid response of the electrode to glucose and H,O,.
Our present work demonstrates an efficient way via a combination of bimetallic sulfides and LDH for
improving the electrochemical sensing of electrodes, revealing the significant potential of low-cost
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1. Introduction

Diabetes, as a chronic disease that causes systemic and meta-
bolic disorders, threatens the lives and health of many people
around the world. Excessive sugar intake can cause various
chronic diseases, such as obesity and cardiovascular and cere-
brovascular diseases.”” In the process of clinical diagnosis,
accurate and rapid determination of the blood glucose level is
very important for all stages of treatment and disease manage-
ment. Therefore, glucose detection is an important indicator
of food manufacturing and medical health.®> Meanwhile, H,O,

“ State Key Laboratory of Separation Membranes and Membrane Processes,
School of Chemistry, Tiangong University, Tianjin 300387, China.
E-mail: wanglili@tiangong.edu.cn, bingwang@tiangong.edu.cn
b School of Chemical Engineering and Technology, Tiangong University,
Tianjin 300387, China
¢ China Tianchen Engineering Corporation, Tianjin 300400, China
4 College of Chemical Engineering and Materials Science, Tianjin University of
Science and Technology, Tianjin 300457, China. E-mail: yinzhen@tust.edu.cn
1 Electronic supplementary information (ESI) available: SEM, TEM, XRD, XPS,
CV, and i~t. See DOI: https://doi.org/10.1039/d2ma00454b

6028 | Mater. Adv, 2022, 3, 6028-6036

bifunctional electrodes with 2D ultrathin nanostructures and a carbon substrate for detection.

produced by the metabolism of the human body can be present
in different biological tissue compartments by freely pene-
trating the cell membrane, which is toxic to the human
body.* It is considered to be one of the main risk factors for
life-threatening diseases related to oxidative stress. In particular,
H,0, is closely related to the development of neurological dis-
eases such as Alzheimer’s disease and Parkinson’s disease. Hence,
it is important to develop efficient techniques for the dual
detection of glucose and H,0,, which is critical for the assessment
of biological and environmental health.

In the past decades, the electrochemical methods have
attracted tremendous research interest for the quantitative detec-
tion of glucose and H,0, due to many fascinating features,
including excellent sensitivity, high accuracy and easy operation.
For example, enzyme-based biosensors have been widely studied
and used since the first device was developed by Clark and Lyons
in 1962, which employed glucose oxidase to oxidize glucose in the
presence of oxygen. However, traditional enzyme-based electro-
chemical sensors are generally limited due to various environ-
mental factors, such as temperature, solution pH and toxic
chemicals.” In addition, the loss of enzyme biological activity

© 2022 The Author(s). Published by the Royal Society of Chemistry
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caused by denaturation and inherent instability will also affect the
test results. These factors can be avoided by replacing biological
enzymes with active materials on electrodes for electrocatalytic
sensing. This is mainly based on the redox reaction and fast
electron transfer to achieve the purpose of detection, and thus
possesses a short response time and good stability.*”

Currently, numerous studies are devoted to exploring effi-
cient electrocatalysts based on nanomaterials, mainly including
noble metal and non-noble metal-based ones. Considering cost-
effectiveness and raw material reserves, transition metal catalysts
as typical non-noble metals have gained more extensive research
than noble metal-based catalysts.®° Transition metal-based nano-
materials exhibit excellent catalytic activity in the application
of enzyme-free sensors due to their abundant active sites, high
electrical conductivity and ease of functionalization. The rational
design of nanomaterials is beneficial to increase the electro-
chemical active surface area, accelerate the electron transfer rate
and improve the stability. In recent years, multi-component
materials exhibited impressive activity in the field of glucose
and H,0, sensing owing to the stronger interfacial synergy and
electronic coupling effects than a single component. For example,
three-dimensional (3D) bimetallic compounds (Ni-Co PBA HNCs)
have been reported to exhibit superior glucose catalytic oxida-
tion activity with high sensitivity (149 pA mM ™" ¢cm™?) com-
pared to single Ni PBA HNCs and Co PBA HNCAs."
Co0;0,@NiCo,0, nanosheets with a porous hybrid structure
were applied for glucose and H,O, sensing, achieving high
sensitivities (1463.13 and 303.42 pA mM ' cm™?)."" On the
other hand, 2D nanomaterials have been reported for extensive
applications due to their absolute openness and effective
interaction with external stimuli.'”> Typical 2D materials such
as LDHs have also attracted considerable research interest in
electrochemical sensors owing to their reliable physicochem-
ical stability and higher surface area. It has been reported that
the hybrids (NiMn-LDH/GO) of NiMn-LDH assembled on gra-
phene oxide (GO) can effectively detect H,O, and glucose with
sensitivities of 96.82 and 839.2 pA mM ™' cm™?, respectively.'?
The interconnected 3D structure was obtained by hydrothermally
growing NiCo LDH on CC with a sensitivity of 5.12 pA mM ™~ ecm >
for glucose detection.* However, the research on the bifunctional
detection of glucose and H,O, based on 2D multi-transition metal
LDHs is still in the initial stage, and the conductivity and activity of
such materials need to be improved.

Transition metal sulfides (TMS) are considered as a promis-
ing material for sensing electrodes owing to their excellent
electrical conductivity and redox activity.">'® In particular in
the interior of nanomaterials, it is easy to construct a multi-
component heterogeneous interface in the process of ion
exchange with $*>~, which promotes the reduction of the surface
energy of the material."” Since the electrochemical reaction of
TMS always occurs on the surface or interface of an electrode
material, and the ultrathin structure of the TMS material has
abundant specific surface areas and defects, it can provide
more active sites for electrochemical sensing. For example, the
NiS nanoparticles prepared by electrodeposition showed excellent
redox properties for glucose and H,0,, reaching sensitivities of
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25.71 and 0.498 pA uM ' with detection ranges of 1-1000 and
1-5000 uM."® In addition, it has been reported that bimetallic
sulfides have more attractive electrochemical properties based on
the synergistic effect between different metals than single sul-
fides. A Zn—-Co-S ball-in-ball hollow sphere (BHS) was obtained via
ion exchange and a sulfidation method for highly selective glucose
detection with a sensitivity of up to 2734.4 pA mM ' cm™> and
a wide detection range of 5-100 uM."® Ni, sM0¢Ss, Was grown
on poly(3,4-ethylenedioxythiophene)-reduced graphene oxide
(PEDOT-1rGO) hybrid membranes via electrodeposition to
obtain Ni, sM04Se ,/PEDOT-rGO with high sensitivities
toward glucose (666.67 and 266.10 pA mM " cm™?) and H,0,
(1273.52 pA mM ' ecm™?).>*° However, the multiple electron
transfer reactions in the detection process make TMS less
reversible, resulting in unsatisfactory stability. In addition,
the preparation of TMS faces problems such as desulfurization
or accumulation of sulfides. Therefore, it is still necessary to
explore more convenient methods to construct exquisite mor-
phology and structure for ensuring the orderly and efficient
electrochemical reaction.

Although TMS and LDH nanomaterials have been reported
for their excellent electrochemical properties, most of them
are powders without support, which face several critical issues,
such as time-consuming preparation of electrodes, addition of
binders and aggregation of particles. Recently, the self-supported
electrodes obtained through direct growth of active materials on
various conductive substrates have been demonstrated as an
efficient electrode for the detection. Among them, the self-
supported electrode based on the CC has been regarded as one
of most promising electrodes due to good conductivity, mechan-
ical stability and a wide voltage range.”’ Moreover, the excellent
biocompatibility of CC promotes higher catalytic efficiency,
which is attributed to the expansion of the surface area of carbon
fiber with a 3D structure and high loading amount for active
substances.?” If the 2D ultrathin hybrid nanostructures based on
the TMS can be directly anchored on the CC, the remarkable
electrochemical detection performance of self-supported carbon
electrodes may be achieved due to their unique advantages and
synergy effect of the active TMS and carbon substrates. To date,
2D ultrathin self-supported nanostructures based on rich inter-
faces dedicated to the bifunctional detection of glucose and H,O,
have rarely been reported.

In this work, a self-supported carbon electrode is con-
structed with the 2D ultrathin nanostructure of hybrid NiCo
LDH/NiCosS arrays and CC as the substrate, which can be used
for bifunctional detection of glucose and H,O,. Firstly, a 2D Co
MOF was grown at room temperature as a sacrificial template,
and then Co MOF was ion exchanged with Ni*>* to obtain NiCo
LDH. Finally, a surface sulfidation method was used to con-
struct the 2D hybrid NiCo LDH/NiCoS nanostructures. The
obtained NiCo LDH/NiCoS/CC electrode exhibits a superior
electrochemical sensing performance for the detection of
glucose and H,0, due to ultrathin 2D nanosheets and abun-
dant interfaces between LDH and NiCoS. As a glucose sensor,
it has wide detection ranges (1 pM-3 mM and 4-9 mM)

with excellent sensitivities of 2167 and 1417 pA mM * cm 2,
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an extremely short response time (within 2 s) and a low
detection limit of 208 nM. When the electrode is applied to
H,O0, sensing, it also exhibits a reasonable detection range
(10 uM to 12 mM) and higher sensitivity (285 pA mM ' cm™?)
with a lower detection limit (1.66 uM). Moreover, the NiCo
LDH/NiCoS/CC electrode has significant anti-interference,
reproducibility and stability. Our present work demonstrates
that the self-supported carbon electrode with NiCo LDH/NiCoS
and CC would be a promising and low-cost self-supported
electrode in the field of detection.

2. Experimental section
2.1 The experimental materials

All reagents were analytical grade reagents and no further
purification was required. 2-Methylimidazole (C,HeN,), cobalt
nitrate hexahydrate (Co(NOj),-6H,0), nickel nitrate hexahy-
drate (Ni(NO;),-6H,0), thioacetamide (TAA), ethanol absolute,
sodium hydroxide (NaOH), glucose, hydrogen peroxide (30%),
sucrose (Suc), lactose (Lac), fructose (Fru), ascorbic acid (AA),
uric acid (UA), sodium chloride (NaCl), potassium chloride
(KCl), dopamine (DA), and r-cysteine (Cys) were purchased
from Shanghai Macklin Biochemical Co., Ltd, and carbon cloth
(CC) was purchased from Suzhou Sinero Technology Co., Ltd.

2.2 Preparation of NiCo LDH/NiCoS

In our reported work,>* NiCo LDH/NiCoS/CC has been success-
fully prepared. Specifically, Co MOF was first grown on carbon
cloth for 4 h at room temperature, then etched in Ni** ethanol
solution for 2 h, and finally surface sulfidation was carried out
using a hydrothermal method for 4 h.

2.3 Material characterization

The morphology and structure of the sample were observed
using a cold field emission scanning electron microscope (SEM,
Hitachi Regulus 8100, Japan), transmission electron micro-
scope (TEM, Hitachi H7650, Japan) and field emission high
resolution transmission electron microscope (HR-TEM, JEM-
F200, Japan). The crystal structure of the samples was char-
acterized via an X-ray diffractometer (D8 ADVANCE, BRUKER)
with Cu-Ka radiation. The element composition and chemical
valence were determined by X-ray photoelectron spectroscopy
(XPS, NEXSA, Thermo Fisher).

2.4 Electrochemical measurement

In this work, all electrochemical-related tests were carried out
on an electrochemical workstation (CHI 760E). Under the three-
electrode system, the prepared NiCo LDH/NiCoS/CC (1 x 1 cm?)
can be directly used as the working electrode, a platinum
electrode (1 x 1 cm®) was employed as the counter electrode
and Hg/HgO was used as the reference electrode. In addition,
the tests related to glucose and H,0, sensing were performed
under alkaline condition (0.5 M NaOH). Before the electro-
chemical test, cyclic voltammetry (CV) was used to activate the
electrode material to ensure the wettability of the material,
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which is more conducive to good contact between the material
and the electrolyte. In order to study the electrochemical
activity and stability of the NiCo LDH/NiCoS/CC electrode
towards glucose and H,0,, CV curves were obtained under
voltage windows of —0.1 to 0.7 and —0.7 to —0.1 V at different
scan rates, respectively. The sensitivity and anti-interference of
the electrodes were evaluated using amperometric i-t curves
under magnetic stirring.

3. Results and discussion

3.1 Characterization of the structure and morphology

As shown in Fig. 1, the synthesis of the ultrathin NiCo LDH/
NiCoS/CC electrode consists of the following three steps.
Firstly, 2D nanosheet precursors of Co MOF were directly grown
on CC by solution deposition at room temperature. Then the
NiCo LDH nanosheets were formed on the original smooth
surface of Co MOF via ion exchange with Ni(NO3),-6H,0. The
growth mechanism was based on the high hydrolysis rate of
Ni(NO3),-6H,0 in ethanol solution.>* During the hydrolysis of
metal ions, a large number of H' protons was generated and
began to corrode the surface of Co MOF, and the thickness of
Co MOF gradually reduced.*® At the same time, ethanol acted
as a solvent to help the diffusion of Co** in the Co MOF and
prevented the destruction of the MOF structure, and Co®>" may
be partially oxidized.**®® Then the Ni*" and Co>*/Co*" in the
solution can react with OH™ to form NiCo hydroxide seed
crystals attached to the surface of the Co MOF and continue
to grow, thus producing uniform and tiny NiCo LDH
nanosheets and maintaining the original structure of the pre-
cursor. Finally, the NiCo LDH/NiCoS was prepared by the
solvothermal method. In this process, the loss of some Co
and Ni atoms caused part of the NiCo LDH nanosheets to
disappear.?® Therefore, the NiCo LDH/NiCoS/CC electrode had
a unique 2D ultrathin nanostructure, which can greatly reduce
the internal resistance and promote the rapid occurrence of
catalytic reactions.

The SEM and TEM images of the sacrificial template (2D Co
MOF) and the ion exchange product (NiCo LDH) are shown in

N §

Co MOF

N, | N
Glucose

H,0, /
Gluconolactone } TAA /

NiCo LDH/NiCoS NiCo LDH

Fig. 1 Schematic illustration of the preparation of NiCo LDH/NiCoS/CC
electrodes.

H,0
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Fig. S1 (ESIt). The surface of the pristine Co MOF is smooth
and flat with clear edges. NiCo LDH is slightly curled, and tiny
nanosheets are grown on the surface. XRD pattern indicates the
phase transformation from the Co MOF phase to the NiCo
LDH/NiCoS heterostructure (Fig. S2, ESIt). In Fig. S3 (ESIY),
the presence of Ni, Co, O, C, and S elements proves that NiCo
LDH/NiCoS/CC has been successfully prepared. The morphol-
ogy and structure of NiCo LDH/NiCoS hybrid nanoarrays are
studied by SEM, TEM and HRTEM analysis, as shown in Fig. S4
(ESIt). It can be seen that the ultrathin NiCo LDH/NiCoS
nanoarrays are uniformly grown on the CC, and there are many
small wrinkles on the surface of the nanosheets (Fig. S4a and b,
ESIt). The TEM image (Fig. S4c, ESIt) shows that NiCo LDH/
NiCoS forms a layered structure while retaining the 2D Co MOF
framework. The ingenious structure ensures that the NiCo
LDH/NiCoS on the CC are vertically arranged and stable,
avoiding detachment of the nanostructure from the electrode
surface and aggregation of nanosheets during the electro-
chemical reaction process. Furthermore, Fig. S4d (ESIT) confirms
the formation of an interface between NiCo LDH and NiCoS.

3.2 Electrochemical behavior towards glucose sensing

Considering the important influence of electrolyte concen-
tration on electrocatalytic behavior, the optimum NaOH
concentration is selected using a CV test, and the oxidation
peak current densities are marked in the form of a histogram
(Fig. S5, ESIT).*° The peak current density progressively
increases and then decreases when the concentration of NaOH
raises from 0.5 to 1.5 M. The current response is the highest
when the OH™ concentration is 0.5 M, indicating that an
appropriate concentration of OH™ is beneficial to the conver-
sion of Co**/Co®" and Ni**/Ni**, and improves the kinetics of
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glucose oxidation. However, excessive OH™ causes the isomer-
ization of glucose and the accumulation of negative charges on
the surface of the electrode, affecting the diffusion and adsorp-
tion of glucose.®" The redox reaction mechanism of the electrode
in alkaline solution is as follows:**3*3?

NiCo LDH/NiCoS + 20H~ — NiCoSOH + Ni(Co)OOH
+ H,0 + 2e” (1)

CoOOH + OH™ — C00, + H,0 + e~ ()

Fig. 2a shows the CV curves of NiCo LDH/NiCoS/CC and
control electrodes (CC, Co MOF/CC and NiCo LDH/CC) in the
presence (solid line) and absence (dashed line) of 1 mM glucose
in 0.5 M NaOH at 20 mV s~ '. Obviously, the current response of
the NiCo LDH/NiCoS/CC electrode is the largest, indicating
that it has an outstanding catalytic oxidation effect on glucose.
Furthermore, oxidation peaks around 0.2 and 0.5 V for NiCo
LDH/NiCoS/CC can be clearly seen, which are attributed to
Co**/Co*" and Ni**/Ni**, Co**/Co**.***" In addition, to demon-
strate that the 2D ultrathin heterostructure plays an important
role in improving the detection capability of the electrode, we
also prepared two control electrodes (NiCoS/CC and Co MOF/
NiCoS/CC), as shown in Fig. S6 (ESIT). Fig. S7 (ESIt) shows the
CV curves of the control electrodes for glucose detection. It is
difficult for NiCoS to grow directly on CC uniformly, resulting
in an insignificant current response to glucose, which indicates
that Co MOF can guarantee the stability of the electrode. Co
MOF/NiCoS/CC is obtained by growing NiCoS on Co MOF
without ion exchange. Although there is a current response to
glucose oxidation, it is much lower than that of NiCo LDH/
NiCoS/CC, confirming that the formation of NiCo LDH is more
favorable for electron transfer, increasing the specific surface
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(a) CV curves of the CC, Co MOF/CC, NiCo LDH/CC and NiCo LDH/NiCoS/CC electrodes in the presence (solid line) and absence (dashed line) of

1 mM glucose in 0.5 M NaOH at a scan rate of 20 mV s™%. (b) CV curves of the NiCo LDH/NiCoS/CC electrode with 1 mM glucose in 0.5 M NaOH at a scan
rate of 5-50 mV s~*. (c) The fitting of the corresponding peak current density value vs. v/, (d) CV curves of the NiCo LDH/NiCoS/CC electrode in 0.5 M

NaOH containing various concentrations of glucose at a scan rate of 20 mV s
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area and anchoring NiCoS. The above results indicate that the
ultrathin heterostructure with an abundant interface of NiCo
LDH/NiCosS further enriches more active sites and improves the
kinetics of the electrocatalytic reaction, thereby promoting the
oxidation of glucose.

Fig. 2b indicates that the anode peak moves toward the
positive potential with the enhancement of scan rates, while
the cathode peak moves toward the negative potential, possibly
due to the kinetic limitation in the diffusion layer which was
created at a high current density.*®**° Moreover, as shown in
Fig. 2c, the anodic and cathodic current densities increase
linearly with v*/2, indicating that the glucose oxidation process
on the electrode surface is affected by the glucose concen-
tration in the electrolyte and the entry of glucose into the
electrode and electrolyte interface,®*° suggesting that the
glucose oxidation over the as-prepared NiCo LDH/NiCoS/CC
electrode may be controlled by diffusion. We also plotted the
relationship between log v and log I,,, as shown in Fig. S8
(ESIt), confirming good linearity. The regression equation is:
log I, (mA cm™2) = 0.56 logv (mV s ') + 0.98, R* = 0.995.
According to the electrochemical process theory, when the
slope of the linear relationship is 0.5, it is a diffusion-
controlled electrode reaction. When the slope is 1, there is a
surface-controlled reaction process. The slope of this equation
(0.56) is much closer to the theoretically expected value of 0.5,
indicating a dominant diffusion-controlled process mixed
with a possible surface-controlled process over the NiCo LDH/
NiCoS/CC electrode.>*'"** In Fig. 2d, the anode peak current
density is proportional to the glucose concentration, and the
value of peak potential moves to the positive direction, demon-
strating that the NiCo LDH/NiCoS/CC electrode exhibits excel-
lent catalytic activity in a wide concentration range. However,
the current change is not obvious when the glucose concen-
tration reaches 10 mM. The possible reason is that a small
amount of glucose and oxidized intermediates are adsorbed
and accumulated on the surface of the electrode with the
increasing glucose concentration, which hinders the contact
and diffusion of glucose with the active substance. The possible
reaction process with glucose is expressed by the following
chemical equation:'****>

NiCoSOH + glucose — NiCoSO + gluconolactone + H,O

(3)
NiOOH + glucose — Ni(OH), + gluconolactone  (4)

Co0, + glucose — 2CoOOH + gluconolactone  (5)

The applied potential is an important factor for measuring
the performance of electrochemical sensing. The potential near
the oxidation peak (0.4 to 0.55 V) is selected for exploration.
Fig. 3a and Fig. S9 (ESIt) record the corresponding ampere
response and fitting relationship when 0.1 mM glucose is
continuously injected into 0.5 M NaOH. The current response
rises in steps with the glucose concentration and +0.5 V is an
appropriate applied voltage. This is because the background
current generated by the electrode is small at +0.5 V, and the
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Fig. 3 Responses of glucose oxidation with the obtained NiCo LDH/
NiCoS/CC electrodes: (a) at different applied potentials, (b) with different
concentrations of glucose in 0.5 M NaOH at +0.5 V, (c) relationship of the
current densities vs. glucose concentration and (d) interference test with
the injection of interfering species (0.1 mM) in 0.5 M NaOH at +0.5 V.

current response platform is stable, indicating that the detec-
tion at this voltage has good stability and higher accuracy.
Although the current response is higher when the applied
voltage is +0.55 V, there is an inevitable shortcoming of large
background current and the measurement baseline begins to
be unstable when the time and concentration reach a certain
range. For subsequent electrochemical measurements, an
appropriate potential can prevent excessive reaction products
from blocking the active sites, which is more conducive to the
oxidation of glucose.**

According to the optimized conditions, the ampere response
of adding different concentrations of glucose every 100 s is
recorded within 3000 s under constant stirring. As shown in
Fig. 3b, the current increases steadily in a stepwise manner
with the addition of glucose. From the partial magnification,
the current begins to respond significantly when 1 pM glucose
is injected. In fact, the current curve begins to fluctuate when
the concentration of glucose reaches 9 mM and the stable
current platform basically disappears, indicating that the oxida-
tion of glucose is close to saturation.*® In Fig. 3c, the sensitivities
in two concentration ranges (1 pM-3 mM and 4-9 mM) are
obtained by the slope, which are 2167 and 1417 pA mM ' cm 2,
respectively. According to the calculation equation of LOD (LOD =
3Sp/Kj, S/N = 3), the minimum detection limit is calculated to be
208 nM, where S;, and K; are the standard deviation of the blank
solution and the slope.”” Moreover, the current quickly reaches a
steady state within 2 s after each injection of glucose, as shown in
Fig. S10 (ESIt). The detection time can be effectively shortened due
to the low background current of the CC substrate and the 2D
ultrathin structure. Selectivity is one of the reference indicators of
electrode sensing performance. The effects of common interferents
such as Suc, Fru, Lac, Cys, KCl, NaCl, AA, UA and DA on glucose
sensing are investigated.’®*® In Fig. 3d, the NiCo LDH/NiCoS/CC

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Reproducibility and (b) stability test of the NiCo LDH/NiCoS/CC

electrodes in 0.5 M NaOH containing 1 mM glucose.

electrode has not shown a significant current response with the
injection of interferents (0.1 mM), while the current response
increases rapidly after 0.1 mM glucose injection, indicating a good
anti-interference performance.’***

In addition, as shown in Fig. 4a, five electrodes are prepared
to evaluate the reproducibility of the electrodes. Each electrode
is prepared via the same procedure under the same conditions.
The oxidation peak current responses of the electrodes are
collected via CV testing. The relative standard deviation (RSD)
is 2.3%, confirming excellent reproducibility. The stability is
measured based on the current response of the electrode to
glucose within 30 days. Fig. 4b displays the current response of
a naturally placed electrode to 1 mM glucose (tested every
5 days) and the value of current response drops by only
11.5% in 30 days, revealing that the electrode has superior
stability and potential in the field of glucose sensing.

3.3 Electrochemical behavior towards H,0, sensing

The sensing performance of the NiCo LDH/NiCoS/CC electrode
for H,O, is also studied. In Fig. S11 (ESIt), according to the
sensitivity of the electrode toward 5 mM H,O, reduction in
different NaOH concentrations at 50 mV s ', 0.5 M NaOH
was selected as the optimum electrolyte for subsequent tests.
Compared with other control electrodes, the current density of
the reduction peak with the obtained NiCo LDH/NiCoS/CC
electrode displays dramatically increases when 1 mM H,O0, is
added to 0.5 M NaOH at a scan rate of 50 mV s~ ', indicating
that the NiCo LDH/NiCoS/CC electrode exhibited superior
sensitivity toward H,0, and an excellent electrocatalytic perfor-
mance (Fig. 5a). Furthermore, Fig. S12 (ESIt) shows that NiCoS/
CC and Co MOF/NiCoS/CC electrodes are less sensitive to H,O,
reduction compared with that of NiCo LDH/NiCoS/CC electro-
des, revealing the superiority of the hybrid interface. Fig. S13
(ESIT) shows the CV curves of the NiCo LDH/NiCoS/CC elec-
trode toward 3 mM H,O, at different scan rates and the fitting
linear relationship between v'/? and current densities of the
reduction peak, indicating the NiCo LDH/NiCoS/CC electrode is
diffusion-controlled for the H,0, reduction process. According
to other previous reports, the reduction mechanism of H,O0,

may be described as follows (M = Ni, Co):*"**%?

NiCoSOH + H,0, + 2e~ — NiCoS + H,0 + 20H™  (6)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) CV curves of the CC, Co MOF/CC, NiCo LDH/CC and NiCo

LDH/NiCoS/CC electrodes in 0.5 M NaOH in the presence (solid line) and
absence (dashed line) of 1 mM H,0O,, (b) response of the NiCo LDH/NiCoS/
CC electrode with different concentrations of H,O, in 0.5 M NaOH under
—0.35 V, (c) the relationship between the current densities and H,O,
concentration, and (d) interference test of the NiCo LDH/NiCoS/CC
electrode with the addition of interfering species and H,O, (0.1 mM) at
—0.35Vin 0.5 M NaOH.

2M>" + H,0, —» M**-OHHO-M** (7)
M**-OHHO-M>" —» M**-OHHO-M* (8)
M**-OHHO-M*" — 2M*' + 20H" 9)

2M* +2e7 — 2M*" (10)

Firstly, H,O, is adsorbed by M>* of the electrode, and
electrons are transferred from M>* to the oxygen atom of
H,0,, resulting in the weakening of the O-O bond. Then O-O
bond elongation and electron redistribution occur, M** is
oxidized to M*" and OH™ species are released. Finally, M*" is
reduced to M>" by a second H,0, molecule, which eventually
leads to the formation of a second OH .

Fig. S14a (ESI}) presents the optimal working potential for
the ampere response, which is screened by continuously adding
0.1 mM H,0, at —0.25 to —0.4 V. It can be seen that the current
density rises with the increases of applied potential over the
as-prepared NiCo LDH/NiCoS/CC electrode, which exhibits a
relatively high ampere response and acceptable baseline fluc-
tuations when the working voltage increases from —0.25 to
—0.35 V. However, the background current is slightly high and
the response is unstable at —0.4 V. In addition, as shown in
Fig. S14b (ESIt), the fitting curve has the largest coefficient of
determination (R*) of 0.999 at —0.35 V, which can be selected as
the working voltage.

The ampere response of adding different concentrations of
H,0, to 0.5 M NaOH within 3000 s and the corresponding
linear fitting graphs are presented in Fig. 5b and c. The current
increases in a step wise manner. The maximum steady-state
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current can be reached in 5 s (Fig. S15, ESIT). The current step
appears obviously when the concentration of H,O, reaches
10 puM (Fig. 5b). However, the current platform disappears
when the concentration of H,0, is above 12 mM, implying that
excessive concentration of H,O, can cause the deterioration of
the electrode.”® The sensitivity of the electrode is determined to
be 285 pA mM ' em ™2 with the linear range of 10 pM-12 mM,
and the detection limit is 1.66 puM. Similarly, the anti-
interference performance of H,0, is evaluated by the ampere
response. Fig. 5d shows the effect of 0.1 mM anti-interference
species (UA, AA, NaCl, KCI and Gys) on the current density in
0.5 M NaOH. Obviously, the introduction of interfering species
does not cause a significant current response. On the contrary,
the current increases rapidly after adding H,0,, demonstrating
that the obtained NiCo LDH/NiCoS/CC electrode has an excellent
anti-interference ability toward H,O, under negative potential.
Fig. 6a and b show the evaluation of the reproducibility and
stability of the as-prepared NiCo LDH/NiCoS/CC electrode. The
RSD of the current response of the five carbon electrodes to
H,0, is 5.3% under the same preparation conditions. The
current response of the electrode to H,O, decreases to 82.9%
of the initial value after 30 days, illustrating that the obtained
carbon electrode with NiCo LDH/NiCoS nanoarrays has a con-
vincing reproducibility and stability. Based on the outstanding

View Article Online
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application of the NiCo LDH/NiCoS/CC electrode in sensing,
other previous bifunctional electrodes are compared and listed
in Table 1, demonstrating that the obtained self-supported
carbon electrode with NiCo LDH/NiCoS nanoarrays and CC
would be an efficient and accurate enzyme-free sensor with a
reasonable detection range and sensitivity.

The excellent sensing performance of NiCo LDH/NiCoS/CC
can be ascribed to the advantages of hybrid 2D nanostructures
and superior catalytic activity toward glucose and H,0,. The
abundant pores of MOFs provide electron transport channels.®” %
A MOF can be used as a sacrificial template, which is beneficial to
well-coating and dispersion of LDH. The process of ion exchange
provides conditions for forming ultrathin heterostructures. The
formation of a hybrid interface with LDH can modulate the
electronic structure of sulfides and obtain more high-valent metal
ions,* thereby promoting the oxidation of glucose, as shown in
eqn (3)-(5). And the hybrid interface will facilitate the adsorp-
tion of H,0,, which is beneficial to the reduction of H,O,
(eqn (6)-(10)). The unique hybrid 2D ultrathin nanostructure
can facilitate the transfer of charges and diffusion of glucose
and H,0, molecules. Furthermore, the 2D ultrathin nanostruc-
ture can possess a high specific surface area, expose more catalytic
sites, prompt the formation of intermediates and enhance the
kinetics of electrocatalytic reactions. The biocompatibility and
high conductivity of CC as a substrate also further enhances the
stability and detection capability of the electrode. Therefore, the
obtained self-supported carbon electrode with NiCo LDH/NiCoS
nanoarrays and CC can exhibit superior performance for the
electrochemical detection of glucose and H,0,.

4. Conclusions

In summary, we reported a facile method to construct a self-
supported carbon electrode with 2D hybrid NiCo LDH/NiCoS
array nanostructures and CC as the substrate, which can be
used for glucose and H,O, detection. As a glucose and H,0,

Table1 Comparison of the important characteristic parameters of the NiCo LDH/NiCoS/CC electrode with other reported non-enzymatic bifunctional

electrodes for glucose and H,O, detection

Glucose H,0,

Sensitivity Linear range LOD Sensitivity Linear range LOD
Electrode (MAmM ' em™?) (mM) (nM) (MAmMM ' em™?) (mM) (nM) Ref.
CoS/GCE 28.44 1.2-10.2 1.5 17.4 0.005-14.82 1.5 55
Nis 5C0; 5S¢/GCE 494.58 0.005-0.5 0.15 94.79 0.005-15.09 0.15 56
Ni,S¢/GCE 271.8 0.005-3.7 0.15 37.77 0.005-20.5 0.15 57
VS,/GCE 41.96 0.0005-3 0.211 37.96 0.0005-2.5 0.224 58
Cu-Co alloy/GCE — 0.0005-14 0.1 — 0.001-11 0.75 59
MCHNSs/GCE 52.5 0.001-1.7 0.87 156.6 0.002-0.15 1.03 60
ITO/NiO 1013.76 0.002-0.29 4.6 82.73 0.01-0.87 5.2 61
Cu,S NRs@CF 11750.8 0.0002-0.63 0.07 745 0.00025-5 0.12 62
Co;N NW/TM 3325.6 0.0001-2.5 0.05 139.9 0.001-12 0.48 32
CuO NRs/FTO 1319 0.005-0.825 — 84.89 0.25-18.75 — 63
Cu,0 PLNWSs/CF 6680.7 0.001-1.8 0.67 1477.3 0.005-1.77 0.13 64
Fe;N-Co,N/CC 4333.7 0.0001-1 0.077 2273.8 0.00015-8 0.059 65
CuFe,0,/NF 1239 0.02-5.5 0.22 219.4 0.5-25 0.22 66
Ni/NiO@C 1291 0.01-10 0.116 32.09 0.05-80.7 0.9 31
NiCo LDH/NiCoS/CC 2167, 1417 0.001-3, 4-9 0.208 285 0.01-12 1.66 This work
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sensor, it has a wide detection range, outstanding sensitivity,
excellent reproducibility and anti-interference ability. The
remarkable performance of the obtained self-supported carbon
electrode is mainly attributed to the unique 2D ultrathin array
nanostructures, abundant interfaces, combination of bimetal-
lic cations and the doping of S element. In addition, the strong
synergistic effect between LDH and sulfides further improved
the activity and the stability of the self-supported carbon
electrode. Our present work demonstrates great promise of a
low-cost and self-supported carbon electrode with 2D hybrid
nanostructures as a bifunctional electrode for glucose and
H,0, sensors.
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