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to its simple operation and low cost. In this paper, Cu—CdIn,O, nanoparticles
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foam electrodes towards glucose oxidation is evaluated by cyclic voltammetry
and current time. The results show that 15% Cu-CdIn,O4/Ni foam electrode
shows higher sensitivity, as well as an excellent anti-interference and long-term
stability towards glucose detection compared with 10% and 20% Cu-CdIn,O,/
Ni foam electrodes. Hence, 15% Cu—CdIn,O,/Ni foam can be regarded as an
efficient and a promising sensing material for glucose detection. Such satisfac-
tory performance is not only attributed to the synergistic effect of Cd, In, and
Cu, but also benefits from the uniform distribution of 15% Cu-CdIn,O,
nanoparticles on the Ni foam, which provides more reactive sites for the elec-
trochemical catalytic reaction.
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1 Introduction

Glucose is an energy source and an intermediate
product of metabolism for living cells in the human
body. Glucose is easily absorbed into the blood to
maintain the body’s functional activities, but once the
levels are above 7 mmol/L it can lead to diabetes.
Diabetes is a serious metabolic disease that poses a
great threat to human health and produces a series of
complications. Therefore, it is of great significance to
use an appropriate way to real-time monitor glucose
level for human health protection and disease
prevention. Currently, various methods such as flu-
orescent [1], optical [2], acoustic [3], and electro-
chemical methods [4] have been widely used to
detect glucose, among which electrochemical glucose
sensors [5, 6] including enzymatic glucose sensor and
non-enzymatic glucose sensor [7] have received
extensive interest and achieved great success due to
their ease of operation, stable, fast, accurate, and
reliable test results [8, 9]. Enzymatic glucose sensors
usually use glucose oxidase (GOx) or glucose dehy-
drogenase (GDH) as biological catalysts to accelerate
the oxidation of glucose, so as to achieve the purpose
of detection. Although the enzymatic glucose sensor
has exhibited some merits such as high sensitivity
and good selectivity, its application is limited to a
certain extent due to high price, easy to be affected by
the surrounding environment, and poor long-term
stability. To tackle the issues, more efforts have been
devoted on the development of non-enzymatic glu-
cose sensor with low cost, ease of operation, high
sensitivity, and good stability. Different from the
enzymatic glucose sensors, the non-enzymatic glu-
cose sensors use inorganic materials as catalysts to
realize the oxidation of glucose in neutral and alka-
line environment. To date, various nanomaterials
such as noble metals [10], metal nitrides [11-13],
metal oxides [14-16], metal sulfides [17-20], metal
alloys [21, 22], and metal hydrate [23] have been
extensively developed for non-enzymatic glucose
sensors. Among them, metal oxides based non-en-
zymatic glucose sensors are the most widely studied
due to their low cost, excellent electrocatalytic activ-
ities, and superior stability [24]. Especially, the
bimetallic oxides with the structure AB,O, such as
MnCo0,0, [25], CuGa,O4 [26], NiC0,0, [27] CuCo0,04
[28], and NiGa,O4 [29] have been considered as
promising catalysts for glucose oxidation due to the
synergistic effect of bimetals.
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CdIny,Oy4 is a typical n-type bimetallic oxide [30]
with metal-like high conductivity, bimetallic synergy,
and excellent electrical properties, which can be used
as a ideal catalyst for glucose oxidation. To the best of
our knowledge, CdIn,O, nanomaterials have been
rarely reported for electrochemical analysis. More
importantly, numerous reports have indicated that
composite materials exhibit obvious advantages in
improving performance by using their synergistic
effects compared with the single component materi-
als. At present, there are only few reports on elements
doped by CdIn,O,, appropriate doping has been
considered an effective method to enhance the elec-
trochemical properties by providing electronic
defects and changing the electrical conductivity.
Transition metals such as Cr, Cu, Ni, Co, and Fe often
act as appropriate dopants in various fields since they
change the original crystal parameters and enhance
the catalytic activity [31].

In this work, Cu-doped CdIn,O, nanoparticles
decorated on Ni foam are synthesized by a one-step
non-aqueous sol-gel method. This novel Cu-doped
CdIn,O4 nanoparticles/Ni foam electrodes can be
used as a non-enzymatic sensor for electrocatalytic
oxidation of glucose. Several characterization tech-
niques and electrochemical instruments are applied
to evaluate the properties of the nanomaterials. As
expected, the obtained Cu-doped CdIn,O, nanopar-
ticles/Ni foam electrodes display excellent electro-
catalytic properties, high sensitivity, and fast
response time for glucose detection.

2 Experimental
2.1 Material and reagents

Indium nitrate hydrate (InN;Oy. xH,0, 99.9%), Cad-
mium acetate (CA(CH3CO,),, 99.5%), benzyl alcohol
(C7H50, 99.8%), and cupric acetate (C4HsCuO4. HO,
99.0%) are purchased from Macklin Biochemical Co.,
Ltd (Shanghai, China). Nickel foam (Ni foam) is
supplied by Lizhiyuan Battery Materials Co., Ltd
(Shanxi, China). All chemical reagents are analytical
grade in this experiment and without any further
purification.



] Mater Sci: Mater Electron (2022) 33:17949-17962

2.2 Synthesis of Cu—CdIn,04 nanoparticles
decorated on Ni foam

Firstly, Ni foams (1 cm x 2cm) are cut and
immersed in dilute hydrochloric acid solution for
12 h to remove impurities, and then are washed with
DI water and absolute ethyl alcohol alternately.
Subsequently, the treated Ni foams are dried at 60 °C
for further use. The pure CdIn,O, nanoparticles
decorated on Ni foam are synthesized according to
our previous report [32]. The Cu—CdIn,O4 nanopar-
ticles decorated on Ni foam are synthesized by a one-
step non-aqueous sol-gel method. The schematic
illustrations of the synthesis and electrochemical
glucose detection process of the Cu—-CdIn,O,
nanoparticles electrode are shown in Fig. 1. Typi-
cally, 0.4512 g InN3Oq-xH,O and 0.3999 g Cd(CHj;.
CO,), are added to 60 mL C;HgO solvent. Then, a
certain amount of C4;H¢CuO,. H,O with different
mass ratio to pure CdIn,O4 nanoparticles (10, 15, and
20%) and the treated Ni foams are added into the
above solution, followed by stirring for 12 h to get the
homogeneous solution. Then the obtained solution is
transferred to 100 mL Teflon-lined stainless steel
autoclave and maintained at 200 °C for 48 h. After the
reaction is over, the autoclave is cooled to room
temperature naturally, the decorated Ni foams and

In(NO,), . xH,0 S
Cd(CH,CO,), Stirring =
C,HgO é =
C,H,Cu0, - =
Ni foam

Cd (IT)/In (I1)/Cu (IT)

Gluconic acid x
Glucose Cd (1) In (III) /Cu (III)

WE: Working electrode

Ly

RE: Reference electrode
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resulting precipitates are washed several times by
centrifugation with ethanol and DI water alternately
and dried at 60 °C in air for further investigation.

2.3 Characterization

X-ray diffraction (XRD; D/Max-3B, Rigaku, Japan)
with CuKoal radiation (1= 0.15406 nm, 40 kV,
100 mA) is applied to analyze the crystal phase of the
samples. Scanning electron microscopy (SEM,
Quanta 200, FEI, America) and transmission electron
microscopy (TEM, JEM-2010, JEOL, Japan) are con-
ducted to investigate the morphology of the samples.
X-ray photoelectron spectroscopy (XPS, ESCALAB
250, Thermo Fisher Scientific, America) and energy-
dispersive spectroscopy (EDS; Bruker Nano GMBH,
Germany) are applied to determine the chemical
states and the chemical compositions. The samples
characterized by XRD, TEM, EDS, and XPS are
powder samples shaken by ultrasonic method on Ni
foam.

2.4 Electrochemical measurements

The electrochemical measurements are performed on
the CHI 760 electrochemical workstation (CH
Instruments Co., Shanghai, China). A conventional

Decorated Ni foam i

Hydrothermal

200C 48h

Electrochemical
Workstation

Three-electrode system

SCE: Saturated calomel electrode

Fig. 1 The schematic illustrations of the synthesis and electrochemical glucose detection process of the Cu—CdIn,O,4 nanoparticles/Ni

foam electrodes
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three-electrode system is employed, including the
decorated Ni foams with Cu—-CdIn,O, nanoparticles
as the working electrode, a platinum sheet as the
counter electrode, and a saturated calomel electrode
(SCE) as the reference electrode. Electrochemical
analysis is performed in a 200 mL 3.5 M KOH elec-
trolyte solution at room temperature, including the
current time (I-#), cyclic voltammetry (CV) and elec-
trochemical impedance spectroscopy (EIS). The I-
t curve represents the current changes caused by
glucose redox reaction at a constant voltage of 0.45 V.
CV curve is characterized in the potential range of -
0.075 V to 0.675 V at a scan rate of 50 mV s~ EIS is
carried out at the equilibrium potential of open cir-
cuit, and the frequency range is selected as
0.01-10° Hz in 3.5 M KOH electrolyte solution.

3 Results and discussions
3.1 Characterization

The XRD patterns of pristine CdIn,Oy4, 10%, 15%, and
20% Cu-doped CdIn,O, samples are shown in
Fig. 2a. All diffraction peaks of the un-doped, 10%,
and 15% Cu-doped CdIn,O, are well attributed to the
phase of CdIn,Oy, and there are no other byproducts
detected, which imply that the Cu ions incorporate
into the lattice of CdIn,O, without destroying the
crystal structure. While for 20% Cu-doped CdIn,Oy,
in addition to the phase with CdIn,O,, the phase of
Cd(OH), is also clearly observed, indicating that
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when the content of Cu is too high, more Cd ions in
CdIn,O4 would be replaced by Cu ions, since the Cd
and Cu ions have small difference in ionic radius,
0.095 and 0.073 nm, respectively. The displaced Cd
ions react with hydroxy (-OH) in benzyl alcohol to
generate Cd(OH),. Furthermore, the doping of Cu
changes the lattice constants of CdIn,O,. Typically,
from the enlarged diffraction peak of (311) plane
shown in Fig. 2b, it is understood that the position of
the diffraction peak has a slight shift to a large angle
with Cu doping, indicating that Cu ions incorporate
into the lattice of CdIn,O, and cause the lattice to
shrink, and the interplanar spacing to decrease (ac-
cording to Bragg’'s law, the interplanar spacing is
inversely proportional to the diffraction angle).
Figure 3 systematically performs the morphologi-
cal features of the obtained Cu-CdIn,O, nanoparti-
cles decorated on Ni foams. The SEM images of 10%,
15%, and 20% Cu—CdIn,O, nanoparticles decorated
on Ni foams are shown in Fig. 3a, b, and ¢, respec-
tively. One can observe that there are obvious dif-
ferences in the morphology of the as-prepared
products with the content of Cu doping. Among
them, 10% and 20% Cu—CdIn,O, products take on a
coral-flower appearance composed of several thin
short sticks. For 15% Cu-CdIn,O,, multiple irregular
clusters resembling ice flowers particles are observed,
meanwhile, the smaller morphology size of 15% Cu-
CdInyO4 possesses higher specific surface area and
reactive sites compared with 10% and 20% Cu-
CdIn,O4, which helps to improve the electrochemical
performance and glucose detection. Figure 3d

(b) =

&\ 20% Cu-CdIn,0,
A e SN

15% Cu-CdIn,0,

Intensity (a.u.)

10% Cu-CdIn,0,

325
20 (degree)

Fig. 2 The X-ray diffraction patterns: a CdIn,Oy4, 10% Cu—CdIny,Oy4, 15% Cu—CdIn,Oy4, and 20% Cu—CdIn,O4. b Enlarged diffraction

peak of (311) plane
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Fig. 3 SEM images: a—c 10%, 15%, and 20% Cu—CdIn,Oy4
decorated on Ni foams, respectively, d 15% Cu—CdIn,O,
decorated on Ni foam (low magnification). TEM image: e 15%
Cu-CdIn,0, nanoparticles. HRTEM image: f 15% Cu—CdIn,O4

exhibits the space skeleton of 15% Cu—CdIn,O, par-
ticles decorated on Ni foam, and the particles are
tightly attached to the skeleton, which is beneficial to
enhance the conductivity of the whole electrode.
TEM image of 15% Cu-CdIn,O, nanoparticles is
shown in Fig. 3e, clearly displaying the dispersed
particles. An HRTEM image (Fig. 3f) reveals the clear
parallel fringes of (311) crystal planes of CdIn,O4
with a interplanar spacing value of 0.274 nm, which
is shorter than the standard interplanar spacing value
(0.277 nm) of pure CdIn,O4 phase, indicating that the
Cu ions are successfully doped in CdIn,O,. Figure 3g
presents a selected area of the electron diffracted
pattern (SAED) with continuous rings, belonging to
the (111), (220), and (311) planes of CdIn,O,4. To fur-
ther investigate the distribution of elements of 15%
Cu-CdIn,O4 nanoparticles, EDS is also applied. The
elemental mapping images (Fig. 3h-k) show that the
15% Cu-CdIn,O4 nanoparticles are composed of Cd,
In, O, and Cu elements, and they are uniformly
existed in the 15% Cu—-CdIn,O4 nanoparticles.

nanoparticles. g SAED pattern of 15% Cu—CdIn,O,4 nanoparticles.
Elemental mapping of 15% Cu—CdIn,O, nanoparticles for h Cd
element, i In element, j O element, and k Cu elements

XPS measurement is adopted to determine the
chemical and surface state of the prepared
nanocomposites. The survey spectra (Fig. 4a) of 10%,
15%, and 20% Cu—CdIn,O, nanocomposites exhibit
the peaks corresponding to the Cd, In, O, and Cu
elements, respectively. Figure 4b shows the high-
resolution scans of O 1s in all the prepared samples.
The O 1s peak could be decomposed into two fitted
peaks (oxygen vacancy and lattice oxygen are
expressed as Oy and Oy, respectively). It is observed
that the Oy peak of 15% Cu-CdIn,O4 sample shows
the highest relative peak area, indicating it possesses
more oxygen vacancy. The increase of Oy means that
more adsorbed oxygen (Ox™) exists on the surface of
the sample, and it can combine with H" in the elec-
trolyte to form O-H, which contributes to the
hydrolysis of CdIn,O4 and promotes the redox reac-
tion. Hence, 15% Cu-CdIn,O,4 shows better electro-
chemical glucose detection in our following
discussions. Figure 4c-e shows the high-resolution
scans of Cd 3d, In 3d, and Cu 2p in 15% Cu—CdIn,Oy,
respectively. Two characteristic peaks at 404.84 eV
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Fig. 4 XPS spectra of 15% Cu—CdIn,O4 nanoparticles. a Survey. High-resolution scans of b Cd 1s, ¢ In 1s, d O 2p, e Cu 3d

and 411.61 eV are assigned to the Cd 3ds,, and Cd
3ds;,, binding energies for Cd *". The peaks at 30 n, = i
44411 eV and 451.63 eV are In 3ds,, and In 3d3,, of - "a -
In 3d, which are attributed to lattice indium in i ., “
CdIn,O4. The high-resolution scans of Cu 2p can be ) 304 "a s
fitted as Cu 2p;,, and Cu 2p;z,, peaks, and the g .: ", ® .
binding energies of the two peaks are located at = 20 sy
952.54 eV and 932.75 eV, respectively. 5 r
i = 10% Cu-CdIn,O,

3.2 Electrochemical performance of Cu-— : ;(S)Zf g:gzi?g“

CdIn,0O, nanoparticles on Ni foams 0 B

The electrochemical impedance spectroscopy (EIS) i 0 20 3 40 30 60 70

behaviors of 10%, 15%, and 20% Cu-CdIn,O,/Ni Z' (ohm)
foam electrodes are shown in Fig. 5. it can be
observed that the semicircle diameter of the curve for
15% Cu—CdIn,O4/Ni foam electrode is smaller than
that of 10% and 20% Cu-CdIn,O,/Ni foam electrodes  electrical conductivity for the prepared Cu-CdIn,O,
at high frequency region, suggesting the fast charge- nanoparticles.

transfer rate and better electrical conductivity for 15% The CV curves of the prepared 10%, 15%, 20% Cu-
Cu-CdInyO,4/Ni foam electrode. Additionally, the  CdIn,0, nanoparticles on Ni foams and bare Ni foam
intersection of the curves and the real axis is basically electrodes in 200 mL 3.5 M KOH electrolyte solution
at the zero position, which indicates that there is @ wijth and without 1 mM glucose are shown in Fig. 6a.
low internal resistance of the electrodes and better

Fig. 5 Nyquist plots of EIS for the 10%, 15%, and 20% Cu—
CdIn,04 nanoparticles/Ni foam electrodes
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The current density of the 10%, 15%, 20% Cu-
CdIn,O4 nanoparticles on Ni foams and bare Ni foam
electrodes increases in the presence of glucose, indi-
cating the glucose catalytic activity. The current
density of bare Ni foam and CdIn,O, nanoparticles
on Ni foam electrodes in our previous work [32] is
much lower than that of the Cu-CdIn,O, electrodes,
which indicates that doping a certain amount of Cu
in CdIn,O4 nanoparticles on Ni foam would effi-
ciently enhance the electrocatalytic activity. Mean-
while, the current response in 15% Cu-CdIn,O, /Ni
foam electrode is higher than that of 10% and 20%
Cu-CdIn,O4/Ni foams electrodes, and the order can
be expressed as 15% > 20% > 10%, suggesting that
the 15% Cu—CdIn,O,/Ni foam electrode performs the
best glucose-sensitive electrochemistry behavior. To
further obtain the electrochemical kinetic information
of electrocatalytic oxidation of glucose, the effect of
scan rate on glucose oxidation at 15% Cu-CdIn,O,/
Ni foam electrode is investigated in 3.5 M KOH
electrolyte solution containing 1 mM glucose. As
shown in Fig. 6b, the anodic peak-to-cathodic peak
potential separation in the CV responses increases
with the increase in the scan rate, which is attributed
to the transport barriers of electrons and electrolyte
ions during electrochemical processes, indicating the
charge-transfer kinetic limitations [33]. Meanwhile,
Fig. 6¢c shows the linearity between both the anodic
peak current density (I,,) and cathodic peak current
density (I,c) and the square root of the scan rate in the
range from 10 to 180 mV s~ ', and the linear equation
is as follows. The linear relationship indicates that the
electrochemical process is dominated by the diffu-
sion-controlled process [34, 35].

17955
Lo = 11.9250%-19.7164 (1)
Ie = —9.4660"/% 4 26.7642 (2)

Simultaneously, the diffusion coefficient ratio
between 15% Cu-CdIn,O4/Ni foam electrode and
pristine CdIn,O4/Ni foam electrode [32] can be
obtained by using Randles-Sevcik formula [36]:

2
Dcu-cd/Dca = [(Ipa/vl/z)Cu—Cd/(Ipa/vl/z)cd]
= (11.925/5.097)°= 5.47

(3)

The calculated result shows that the diffusion
coefficient of 15% Cu-CdIn,O,/Ni foam electrode
(Dcy-ca) is 5.47-fold that of pristine CdIn,O, elec-
trode (Dcg), indicating that 15% Cu-CdIn,O4/Ni
foam electrode displays better electrochemical per-
formance than pristine CdIn,Oy,.

The amperometric sensing responses of 10%, 15%,
and 20% Cu—-CdIn,O,4/Ni foam electrodes are inves-
tigated towards different concentration of glucose
from 0.001 to 1 mM (R* = 0.99) at a constant voltage
of 0.45V, and the glucose solution is added every
50 s in a continuously stirred 3.5 M KOH electrolyte
solution. As shown in Fig. 7a, ¢, and e, the current
response exhibits a linear stable stepwise rise with
the increase of glucose concentration. However, the
curves deviate from linearity in the low concentration
glucose range, which may be due to the instability of
the initial current of the electrodes. The sensitivity is
obtained by observing the corresponding slope
parameter, as shown in Fig. 7b and d, the sensitivity
of 10% and 15% Cu-CdIn,O4/Ni foam electrodes is
3.810 and 5.360 mA mM ' cm ™2 in 0.01-1.0 glucose

(2) 200 — T0% Cu-Cdin,0, (b)300 [ 10mVis —100mV/s (©)
10% Cu-CdIn, 0 +Glucose L 20 mV/s 120 mV/s 1504
[~ et cocamonan 200
100 4— 15% Cu-Caln,0,Glucase . e e Tl 100
” L — 20% Cu-CdIn,0, < 60 m\_,/s :gg m:,;s <
£ 20% Cu-CdIn O +Glucose, =) $0mV/s — 186 mVis £
- - ~ 504
o 0 = 100 = @ Anodic
£ 2 2 o1 @ Cathodic
ot =) S
= = 0 5
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Fig. 6 a CV curves of Cu-CdIn,O4 nanoparticles/Ni foam
electrodes in 3.5 M KOH electrolyte solution at a scan rate of
50 mV s~ ! with and without 1 mM glucose; b CV curves of 15%

Cu—CdIn,O,4 nanoparticles/Ni foam electrode at different scan
rates. ¢ Linear plots of peak current density versus the square root
of the scan rate
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concentration range. The 15% Cu-CdIn,0O4/Ni foam
electrode performs the highest electrochemical sens-
ing response towards glucose detection compared
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with the other two electrodes, implying the excellent
electrochemical catalytic oxidation reaction at the
surface of 15% Cu-CdIn,O4 nanoparticles. However,
the low response of 20% Cu—-CdIn,O4/Ni foam elec-
trode to glucose may be due to the inactivity of the
second phase substance for glucose detection.
Detection limit of the electrodes for glucose can be
calculated by the formula LOD = 3¢/S, where ¢ is
the standard deviation of the intercept and S is the
slope of the calibration plot. The detection limit of
10%, 15%, and 20% Cu—-CdIn,0O,/Ni foam electrodes
is 3.42, 3.39, and 4.11 uM, respectively. In addition, a
comparison of various non-enzymatic glucose sen-
sors in previous works is shown in Table 1. Obvi-
ously, 15% Cu—CdIn,O4/Ni foam electrode in our
work displays a higher sensitivity towards glucose
detection. It may benefit from the synergistic inter-
actions between Cu(Il)/Cu(IIl) and Cd(I)/CddIl),
In(II) /In(IID).

Figure 8a shows the enlarged section of the I-
t curve of 15% Cu-CdIn,O,/Ni foam electrode at
0.02 mM glucose concentration region, which tells
that the current response increases sharply and
reaches a steady state within 4 s, indicating a short
response time of the proposed non-enzymatic glu-
cose sensor. Anti-interference property is an impor-
tant aspect of evaluating glucose sensor performance
in practical applications. Figure 8b illustrates the anti-
interference property of 15% Cu—CdIn,O4/Ni foam
electrode by successive injection of 50 pM glucose,
5 uM ascorbic acid (AA), 5 uM sodium chloride
(NaCl), 5 uM sodium nitrate (NaNOs), 5 uM Urea,
and 5 uM potassium chloride (KCI) at an interval of
50 s into 3.5 M KOH electrolyte solution under
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continuous stirring. The result indicates that there is a
high response to glucose, on the contrary, it is diffi-
cult to observe an obvious current response to AA,
NaCl, NaNOs, and KCI. Then, we continue to test the
current response of all the interference species again,
it can be observed that the electrode still shows the
same response as the first cycle, suggesting its supe-
rior anti-interference property and excellent repro-
ducibility, which can be reused continuously.

The long-term stability is also an important
parameter for assessing sensor reliability in the
practical application. Figure 9 displays the current
signal and glucose sensitivity of 15% Cu—Cu—CdIn,.
O4/Ni foam electrode within 10 days in 3.5 M KOH
electrolyte solution. It is observed that the current
response values of the electrode still be maintained at
more than 90% on day 10 compared with the initial
value due to the electrode aging and the disappear-
ance of unstable adsorption sites, suggesting its better
electrocatalytic activity and satisfactory stability.

In order to verify the applicability of the 15% Cu-
CdIn,O4/Ni foam glucose sensor, the glucose con-
centration is detected using the current-time method
by successive step addition of the glucose to 200 mL
stirred 3.5 M KOH electrolyte solution containing
human serum samples. The test is executed three
times, and the results are shown in Table 2. The
recoveries of the 15% Cu-CdIn,O,/Ni foam non-en-
zymatic glucose sensor display in the range of
96.00-103.16% and the RSD is 2.11-3.56%, illustrating
the potential use of as-synthesized Cu—-CdIn,O,/Ni
foam non-enzymatic glucose sensor in real serum
sample analysis.

Table 1 A comparison of the non-enzymatic glucose sensors with various published materials

Materials Sensitivity (pA-mM~"-cm™?) Linear range (mM) Detection limit (uM) References
Co504 nanoclusters 1377 0.088-7 26 [37]
Ni(OH), flakes 2617 0.0025-1.050 2.5 [38]
Au-NPs/ZnO-NRs 157.34 0.5-10 55 [39]
NiCo,O4/ECF 1947.2 0.005-19.18 1.5 [40]
NiMn-LDH/GO 839.2 0.002-3.386 1.2 [41]
Cu/CuO/Cu(OH), 223.17 0-20 20 [42]
CuO/Cu,0 film 1950 0.1-6 1 [43]
Cu,O nanocubes 1040 0.007-4.5 3.1 [44]
CdIn,04 3292.5 0.001-1.0 0.08 [32]
Cu—CdIn, 04 5360 0.01-1.0 3.39 This work
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3.3 Glucose-sensing mechanism

The above-mentioned experimental results confirm
that the 15% Cu-CdIn,O4/Ni foam electrode has
apparent improvement in glucose sensitivity and its
reliable utility in the detection of serum glucose in
humans. As shown in Fig. 6a, b, there are obvious
redox couple under alkaline conditions, which means

that Cd(II)/Cd(Il) and In(II)/In(II) complete the
current response to glucose, and Cu(Il)/Cu(Ill) also
participates in the catalytic process, making it more
responsive to glucose than pristine CdIn,O,. Com-
bining Fig. 10, a surface depletion layer model caused
by glucose is used to illustrate the proposed mecha-
nism for the sensing behavior of Cu-CdIn,O,/Ni
foam electrode. When the electrode in the KOH
electrolyte solution, the Cd(Il), In(Il), and Cu(ll) are
oxidized to Cd(III), In(Ill), and Cu(Il) in electrolyte,
simultaneously, electrons are taken away from the
conduction band of the Cu-CdIn,O,4 and the poten-
tial barrier increase, which results in a low conduc-
tivity. When glucose is added to the electrolyte,
Cddll), In(I), and Cu(ll) catalyze the glucose to
gluconolactone, while Cd(III), In(IlI), and Cu(Ill) are
reduced to Cd(II), In(II), and Cu(l), in turn, electrons
are released come back to conduction band and
increase the oxidation peak current. The detail cat-
alytic oxidation reactions towards glucose can be
described as follows:

Cu — Cdln204 + OH™ + Hzo
—~ CdOOH + CuOOH + 2InOOH + e~ (4)

Table 2 Analysis of glucose

in human serum samples on Samples Glucose added (mmol/L) Glucose found (mmol/L) Recovery (%) RSD (%)
15% Cu-~CdInyO,/Ni foam (n=3)
clectrode 1 0.2 0.192 96.00 2.11

2 0.4 0.405 101.25 2.79

3 0.6 0.619 103.16 3.56
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Fig. 10 Schematic illustration of the proposed gas-sensing mechanism and the energy band diagrams of electrode towards glucose

detection

CddD + IndD) + Cud) « CddII) + CudID
+ In(ID) + 3e”

(5)

Cd(Ill) + Cu(Ill) + In(IIl) + 3e™ + Glucose
— Gluconolactone + Cd(II) + In(II) 4+ Cu(Il)

(6)

4 Conclusion

In this work, 10%, 15%, and 20% Cu-doped CdIn,O4
nanoparticles decorated on nickel foams as the sen-
sitive non-enzymatic electrochemical sensors are
successfully synthesized via a one-step non-aqueous
sol-gel method and their electrochemical perfor-
mance and glucose-sensing properties are investi-
gated. The crystal phase, morphology, and chemical
composition of the nanoparticles are systematically
characterized by XRD, SEM, TEM, and XPS tech-
niques, respectively. The results of the glucose-sen-
sitive electrochemistry behavior of Cu—-CdIn,O,/Ni
foam electrode indicate that Cd, In, and Cu jointly
promote the electrochemical catalytic reaction in a

three-electrode system (3.5 KOH as electrolyte) to
achieve a highly sensitive response to glucose.
Additionally, the doping content of Cu also has a
great influence on the performance, among which
15% Cu—CdIn,O4/Ni foam electrode shows the best
electrochemical performance towards glucose detec-
tion compared with 10% and 20% Cu—-CdIn,O,/Ni
foam electrodes, such as higher sensitivity (5303
pA-mM~'.cm™?), faster response time (4 s), and wide
linear range (0.1-1 mM), along with remarkable
selectivity, long-term stability, which could be used
as an efficient and sensitive glucose monitor in the
practical workplace. Such satisfactory performance of
15% Cu-CdIn,O4 sample is not only attributed to the
more oxygen vacancy, the smaller particle size which
possesses higher specific surface area and reactive
sites compared with 10% and 20% Cu—CdIn,O,, but
also benefits from the synergistic effect of Cd, In, and
Cu for the electrochemical catalytic reaction.
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