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Abstract

We developed a new nonenzymatic amperometric glucose sensor by integrating a ternary nanocomposite,
Cu/Cu,0/Cu0 (Cu/Cu,0), with multi-wall carbon nanotubes (Cu/Cu O@MWCNTSs) as the electrocatalyst. The
Cu/Cu,O@MWCNTs nanocomposite is prepared via an electroless plating process followed by thermal treatment.
The constructed nanocomposites are systematically characterized with a transmission electron microscope, an
X-ray diffractometer, Fourier transform infrared spectroscopy, X-ray photoelectron spectroscopy, and
electrochemical impedance spectroscopy, respectively. The Cu/Cu O@MWCNTs nanocomposites-modified
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glassy carbon electrodes exhibit high electrocatalytic activity toward glucose electrooxidation under alkaline
conditions. The efficient electrocatalytic activity of Cu/Cu, O@MWCNTs for glucose electrooxidation is utilized for
glucose detection using Cu/Cu O@MWCNTs-modified glassy carbon electrodes. The Cu/Cu O@MWCNTs-
modified electrode displays an excellent sensing performance within a wide analyte concentration from
0.005-6,000 M (low detection limit is calculated to be 0.003 pM) with superior stability, selectivity, repeatability,
and reproductivity. This as-prepared electrochemical sensor is successfully applied to selective glucose detection
with satisfactory results.

Keywords: Electrocatalyst, Cu/Cu,O ternary nanocomposites, electrochemical, nonenzymatic sensor,
amperometric detection

INTRODUCTION

Diabetes is a metabolic disorder syndrome featuring high blood glucose levels"!, making it one of the three
biggest killers of human health worldwide, following cardiovascular disease and cancer. It is projected to
affect 693 million people (aged 18-99) by 2045, a 54% increase compared to 2017". As a result, developing
rapid, accurate and convenient methods for detecting glucose levels” in human blood or serum is crucial
for diagnosing and managing diabetes within clinical practice. In 1962, Clark and Updike elaborated the
first enzyme electrodes and current-based enzyme sensors””. Even though as many as 85% of commercial
glucose sensors are enzyme-based electrochemical biosensors', there has been an instability of this type of
enzyme-based biosensors®". This instability is primarily due to the sensitivity of glucose oxidase to
environmental conditions (e.g., temperature”, humidity"”, and pH""). It is challenging to establish a
reliable method toward glucose by enzyme-based electrochemical biosensors.

Additionally, the applications of enzyme-based biosensors are largely restricted due to issues such as
complicated immobilization processes, sophisticated operating conditions, poor reproducibility, and
prohibitive costs™*"”. To surmount the aforementioned weaknesses, scholars proposed a nonenzymatic
sensor based on the direct electrochemical reaction toward glucose, which has been rapidly developed.
Previous studies have shown that this nonenzymatic sensor relies on the electrical signal produced during
the glucose oxidation on the surface of the electrode. The electrocatalytic activity of electrode materials is
the key aspect influencing glucose sensing sensitivity and selectivity'®.

To date, noble metals and their oxides (e.g., Pt"¥, Pd", Au, Ag, and various alloy particles”**") have been
utilized in the construction of nonenzymatic biosensors for detecting glucose. While they possess superior
electrocatalytic properties for glucose oxidation, they are susceptible to contamination through
chemisorption of intermediates or chloride adsorption””. The stability and sensitivity of the sensors are
reduced when they are modified with noble metals or their oxides, limiting their widespread use in glucose
detection. Transition metals and their oxides, such as Ni®*, Cu®!, Mn0Q,"", CuO™/, Cu,0™*, Co,0,*”, and
ZnOP, have demonstrated increasing application potential on account of resourceful, biocompatible,
relatively inexpensive, and excellent glucose sensing capability. Among these, copper and its oxides exhibit
attractive application prospects due to their low cost and outstanding catalytic performance for various
reactions. For quite some time, they have been capable of catalyzing the electrochemical oxidation of
glucose. For example, Cu®, Cu,0", CuO"/, and Cu,S" have been applied for the direct modification of
nonenzymatic glucose biosensors.

Furthermore, alloys, nanocomposite materials consisting of bimetallic alloy and their oxides, metal/metal
oxide, and 1D or 2D carbon nanomaterials tend to manifest synergistic effects from the constituent
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metals”™. The large surface area of nanocomposite facilitates the exposure of numerous electrochemically
active sites for the glucose reactions”'. Fan ef al. demonstrated that a bimetallic alloy nanoparticles-
modified 3D graphene nanocomplex, Au-Ag/3D graphene, exhibited excellent electrocatalytic properties
towards glucose™. Studies on the nanocomposite of copper oxide anchored polyaniline to modify the
electrode by Sudharsan et al. have shown superior electrochemical determination of chlorpyrifos®”. In
contrast, multi-walled carbon nanotubes (MWCNTSs) are gaining recognition as promising electrode
materials due to their hollow tubular nanostructure, high surface area, remarkable electrical conductivity,
exceptional stability, and promising potential for glucose detection". To enhance the electrical conductivity
of copper oxides and improve the stability and dispersion of copper and its oxides, researchers have
deposited them on various substrates”**) using MWCNTs as a representative example. Most studies have
focused on two-phase composites of metals and their oxides”. Building on the above research, integrating
triple materials could be a compelling option for nonenzymatic glucose detection. The different properties
of the various materials and sufficient exposure of active metal species on MWCNT surfaces will have
multiple promotions on electrochemical activity.

Herein, Cu/Cu,O ternary nanocomposites have been successfully modified onto the surface of MWCNTs
by the electroless plating and further heat treatment to obtain Cu/Cu,O@MWCNTSs nanocomposites. These
acquired nanocomposites demonstrate superior nonenzymatic electrocatalytic activity towards glucose. By
taking advantage of their high-performance catalytic activity for glucose oxidation, we developed an
electrochemical biosensor for glucose based on Cu/Cu,O@MWCNTs nanocomposites-modified electrodes
and investigated their electrocatalytic application. A schematic diagram illustrating the electrochemical
sensing using Cu/Cu,O@MWCNTs ternary nanocomposites-based sensors is presented in Scheme 1.

MATERIALS AND METHODS

Chemicals and materials

CuSO,-5H,0 was acquired from Yaohua Chemical Reagent Co., Ltd., Tianjin, China. NaOH was gained
from the Mainland Chemical Reagent Factory (Tianjin, China). Glucose was obtained from Ruijinte
Chemical Co., Ltd. (Tianjin, China). The serum of healthy volunteers was sourced from a hospital in
Nanjing. All aqueous solutions were prepared and diluted with deionized water from Hitech-Kflow
(Shanghai Hitech Instruments Co. Ltd., China).

Pretreatment of initial MWCNTs and synthesis of the Cu/CuxO@MWCNTs nanocomposites

The initial MWCNTSs were purchased from Shenzhen Nanotech Port Co., Ltd., Shenzhen, China. The
purification of MWCNTs was approached as reported in our previous study”. In brief, prior to use, the
initial MWCNT's were dispersed in a 3 M solution of nitric acid and treated with the help of ultrasonication
for 4 h. Subsequently, the solution was cleaned with deionized water and filtered using a vacuum pump; the
MWCNTs slurry collected by filtration was then dried.

The synthesis of Cu/Cu,O@MWCNTs ternary nanocomposites was carried out as follows: sensitization —
activation — reduction treatment — plating — post-plating. In order to acquire the homogeneity and
integrity of the MWCNTs, the entire process was operated under ultrasonic environment. The formulations
and operating conditions regarding to the Cu/Cu,O@MWCNTs ternary nanocomposites preparation are
displayed in Table 1.

Characterization

Analyses employing a transmission electron microscope (TEM) and energy dispersive X-ray spectroscopy
(EDS) were conducted using the Talos F200X G2 TEM (Thermo Scientific, USA). X-ray diffractometer
(XRD) examination was performed by an X'Pert Pro (PANalytical B.V., Netherlands) using Cu Ka
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Table 1. The formulations and operating conditions of synthesizing Cu/Cu, O0@MWCNTs

Procedure Chemicals and operating conditions Parameters
Sensitization SnCl, 5g
T 25°C
Time 2-2.5mins
Activation PdCl, 0.1g/L
T 25°C
Time 2-2.5 mins
Reduction NaH,PO, 15g/L
Plating NaOH 7g/L
NaKC,H,044H,0 25g/L
CuSO,-5H,0 5g/L
Methanal 12 mL
T 30°C
Time 2-2.5min
pH 13-14
Post-plating Oxidation of Cu 220°C,4h
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Scheme 1. Schematic diagram of electrochemical sensing using Cu/Cu,O@MWCNTs ternary nanocomposites-based sensor.

radiation. X-ray photoelectron spectroscopy (XPS) was analyzed using a Thermofisher Escalab Xi+
(Thermofisher, USA) by Al Ko radiation.

Preparation of the glucose electrochemical sensor and electrochemical measurements

The glassy carbon electrodes (GC, diameters of 3 mm) were used as a substrate for the working electrode
fabrication. They were mechanically polished using emery paper, followed by polishing of 0.3 and 0.05 um
alumina powder with a polishing cloth, and were alternately ultrasonic bath cleaning for 3 min with pure
ethanol and deionized water. Subsequently, these electrodes were modified by dropping 6 uL of the
Cu/Cu,O@MWCNTs ethanol dispersion solution onto the electrode surface and then air-dried. The
obtained electrodes were named the Cu/Cu, O@MWCNTs-modified GC electrodes.
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Additionally, a CHI 660E electrochemical analyzer (Chenhua, Shanghai) was collected to carry out
electrochemical experimentations in a two-compartment electrochemical cell at room temperature. In this
work, the GC, platinum, and Ag/AgCl electrodes (KCl-saturated) were utilized as the substrates for the
fabricated working, counter, and reference electrodes, respectively. For electrochemical impedance
spectroscopy (EIS) measurements, the ac voltage was set as 5 mV at an open circuit potential of 0.23 V. The
amperometric i-f tests were studied by adding various glucose concentrations consecutively at 0.45 V.

RESULTS AND DISCUSSION

Characterization of as-synthesized samples

After purification, we observed the morphology of the raw MWCNTSs with TEM and characterized their
functional groups using Raman spectra. Considering that the surface of MWNT contains residual metal
catalytic particles originating from the production process, we subject MWCNTs to acid purification prior
to preparing the composites, as previously reported™’. The TEM images and Raman spectra of raw and
purified MWCNTSs composites are investigated [Figure 1A-C]. Comparing the TEM images exhibited in
Figure 1A and B, MWCNTs, before and after purification, exhibit a hollow tubular structure. Additionally,
the wall dissolution breakage or damage phenomenon is not detected in MWCNTs following purification.
Furthermore, the purification treatment significantly improved the agglomerated degree of initial
MWCNTs. In Figure 1A, impurities exist in initial MWCNTs (catalyst metal nanoparticles and amorphous
carbons”). The catalyst metal nanoparticles and amorphous carbon impurities are observed to decrease
significantly in Figure 1B. This decrease is mainly attributed to the removal of metal catalyst impurities
present in the initial MWCNTS, as they are transformed into metal oxides or hydroxides during the acid
purification and thus dissolved in the solution. Meanwhile, since the structural stability of MWCNTs is
much greater than that of carbon impurities, the carbon impurities are easier to remove by oxidation in acid
solution®. Acid purification not only removes impurities but also introduces oxygen-containing
functional groups [Supplementary Figure 1] into the surface defects and tube ends of MWCNTs"". The
impact of these functional groups on MWCNT dispersion in the plating solution and the performance of
the modified electrode is significant. Therefore, an acid purification treatment of purchased MWCNTs is
both essential and efficient.

Figure 1C records the Raman spectra for MWCNTSs. As investigated in Figure 1C, the D-band located near
1,342 cm™ is mainly derived from the presence of structural defects or disordered structural positions in the
MWCNTs associated with the amorphous or disordered carbon. The G-band located near 1,573 cm™ for
initial MWCNTSs and 1,580 cmfor purified MWCNTSs originating from the doubly condensed in-plane
optical vibrations of sp® hybridized carbon", which is consistent with former studies (G-band at
~1,580 cm'**). Generally, the D- to G-band intensity ratio (I,/I;) is a dependable parameter for evaluating
the disorder level in carbon materials®”. In the study, the I,,/I; ratio of initiall MWCNTs is 1.07, higher than
the purified MWCNTs (I,/I; ratio is 1.00), indicating fewer defects or decreased amorphous carbons
remaining on the surface of the MWCNTs. It has been shown that nitric acid can effectively eliminate
impurities from MWCNTs, leading to higher purity in the MWCNTs. Therefore, the above results further
confirm the effectiveness of the acid purified treatment of initial MWCNTSs.

The purified MWCNTs were used to prepare Cu/Cu, O/MWCNTs ternary nanocomposites, and the
morphology and composition characterization was shown in Figure 1D-H. As depicted in Figure 1D and E,
the surface of the MWCNTs owns a number of evenly distributed nanoparticles, which increases the
specific surface area of the MWCNTs. The increased surface area of the Cu/Cu,O@MWCNTs may enhance
the direct electron transfer between the Cu/Cu, O@MWCNTSs and the GC electrode compared with the
direct electron transfer between MWCNTSs and the bare GC electrode. From the high-resolution
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Figure 1. (A and B) TEM images of the initial MWCNTs and the purified MWCNTs composites. (C) Raman spectra of the raw MWCNTSs
and the purified MWCNTs composites at L = 532 nm. (D and E) TEM images of the Cu/Cu,O@MWCNTSs nanocomposites. (F) HRTEM
images of the Cu/Cu,O@MWCNTs nanocomposites and the corresponding SAED pattern (insert). (G) TEM-EDX of C, Cu, O, Pd, P, C|,
and Sn elements for the Cu/Cu,O@MWCNTSs nanocomposites. (H) EDX spectra of the Cu/Cu,O@MWCNTs nanocomposites.

transmission electron microscopy (HRTEM) images [Figure 1F], the lattice spacings of these tubular
structures are analyzed as 0.339 nm, which is close to the lattice spacing (0.34 nm) of crystal plane (111) of
MWCNTs. Herein, the marked lattice spacings of 0.208, 0.246, and 0.212 nm ascribed to the (111) crystal
plane of Cu, the (111) crystal plane of Cu,0"**", and the (200) crystal plane of CuO, respectively. The
analysis demonstrates that the as-prepared MWCNTSs-based composites are ternary nanocomposites,
consisting of Cu, Cu,O, and CuO phases. In addition, the corresponding selected area electron diffraction
(SAED) pattern (insert for Figure 1F) investigated that the composites exhibit superior polycrystallinity,
which is consistent with HRTEM analysis. Figure 1G illustrates the scanning electron microscopy-energy-
dispersive X-ray spectrometry (TEM-EDX) elemental mapping of the selected area and the distribution of
each component. The analysis reveals that the selected area has a uniform distribution of the elements C,
Cu, and O, with no elemental segregation or aggregation. Almost no residue of the impurities, such as Pd, P,
Cl, and Sn, may be retained during the electroless plating process. From Figure 1H, the quantitative analysis
of the EDS results presents mainly C, O, and Cu elements, confirming the successful construct of the Cu
and Cu,O onto MWCNTSs. Above all, the phase composition of the Cu/Cu O@MWCNTSs nanocomposites
is fully identified as MWCNTSs, Cu, and Cu,O. The XRD pattern of the synthesized Cu/Cu,O@MWCNTs
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Figure 2. (A) XRD patterns of the Cu/Cu,O@MWCNTs nanocomposites. The XPS survey scan (B) and the Cu 2p spectrum (C) of the
Cu/Cu,O@MWCNTs nanocomposites.

[Figure 2A] is exhibited. According to Figure 24, it is clear that the Cu/Cu,O@MWCNTs exhibit a typical
characteristic peak at 26.2° via scanning speed of 4°/min attributed to (111) index plane of MWCNTs, which
is a valid information for the subsequent research on the integration of ternary nanocomposites with
MWCNTs. Then, the sharp characteristic peaks emerge at 26 = 29.6°, 36.4°, 42.3°, 61.4°, 73.5°, and 77.4°,
which are attributed to (110), (111), (200), (220), (311), and (222) crystal planes of Cu,0O nanoparticles
(JCPDS No. 99-0041), respectively. In addition, the diffraction peaks reflected by the (111) and (200) crystal
planes agreeing with CuO nanoparticles (JCPDS No. 78-0428) appear at 36.6° and 42.5°. However, no
diffraction peaks are attributed to metal Cu for the nanocomposites, possibly due to the low amount of the
metal Cu.

As recorded in Figure 2B and C, the exact composition and valence state of the Cu/Cu,O@MWCNTs
nanocomposites are further identified through XPS. The high-resolution XPS spectrum of Cu 2p clearly
shows Cu 2p,,, 2p,,, and satellite peaks. After fitting, the Cu 2p,,, peak with 952.5 and 954.6 eV corresponds
to Cu'™ and Cu*™, respectively. The Cu 2p,, peak with 932.6 and 934.6 eV corresponds to Cu’*’ and
Cu™™), respectively, proving the existence of Cu’, Cu’ and Cu”,the ratio is 2.43:1.17:3.16
[Supplementary Table 1]. The 941.6, 944.2, and 962.8 eV attribute to satellite peaks'***!. These results further
indicate the successful synthesis of the MWCNTs-based Cu/Cu,O ternary nanocomposites.

Electrochemical behavior and performance of the electrode

Before developing an electrochemical method for nonenzymatic glucose sensing, it is required to electro-
activate the Cu/Cu O@MWCNTSs. We process the electrochemical activation by conducting 40-cycle
successive cyclic voltammograms (CVs) at a 50 mV-s* scan rate within potential ranging from -0.90 to
+0.75 V in alkaline circumstances [Supplementary Figure 2]. All cyclic voltammetry measurements in this
paper are performed in N,-saturated solutions. The electrochemical behavior of the Cu/Cu O@MWCNTs-
based electrodes after electro-activation is investigated by the CV in alkaline solutions (0.1 M NaOH).
Figure 3A shows four anodic peaks and three cathodic redox peaks in the potential range -0.90 to +0.75 V.
These peaks may be ascribed in a series of consecutively and competitively redox reactions between Cu(0)
and copper oxide"“”, which governs the electrochemical behavior of the constructed Cu/Cu,O@MWCNTs-
modified GC electrodes under alkaline supporting electrolyte [Scheme 1]. The emergence of anodic peak 1
could be assigned to the conversion from Cu(0) to Cu(I), at which Cu(0) is transformed to CuOH and Cu,O
by electrooxidizing. Meanwhile, the anodic peak 2 is attributed to the oxidation of Cu(0) and Cu(I) to
Cu(II). There are soluble species derived from Cu(0) and Cu(II) formed at anodic peak 3 and soluble species
originating from Cu(II) at peak 4, which is consistent with the findings of previous literature'”. In the
backward scanning direction, the cathodic peaks 5, 6, and 7 accordingly typify the redox of Cu(III) to
Cu(II), Cu(II) to Cu(I), and Cu(I) to Cu(0). To sum up, the involving possible mechanism of the
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Figure 3. (A) The typical cyclic voltammograms of the Cu/Cu,O@MWCNTs-modified GC electrode, 0.1 M NaOH, a scanning rate of
50 mV-s™. (B) Successive 50-cycle cyclic voltammograms at Cu/Cu, O@MWCNTs-modified GC electrode. (C) Nyquist plots at GC
electrode (black curve), MWCNTs-modified GC electrode (blue curve), Cu,O@MWCNTs-modified GC electrode (orange curve),
Cu/MWCNTs-modified GC electrode (green curve) and Cu/Cu O@MWCNTs-modified GC electrode (red curve) in 0.1 M KClI
comprising the 5 mM K;[Fe(CN).] solution. Inset: the equivalent circuit. (D) CV curves of GC electrode (black curve), MWCNTs-
modified GC electrode (blue curve), Cu O@MWCNTs-modified GC electrode (orange curve), Cu/MWCNTs-modified GC electrode
(green curve) and Cu/Cu, O@MWCNTs-modified GC electrode (red curve) with 1.0 mM glucose recorded at 20 mvV-s’.

electrochemical process could be further explained as follows!

Peak 1

Peak 2

Peak 3

47-50]

Cu+ OH -e— CuOH

2CuOH + OH — Cu,0O + 2H,0O

Cu +20H - 2¢ — Cu(OH),

Cu,0 +20H - 2e + H,O — 2Cu(OH),

Cu(OH), - CuO + H,0

(1)

(2)
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Cu + 30H - 2¢ - HCuO, + H,0 (6)
Cu(OH), + 20H — CuO,* + 2H,0 (7)

Peak 4
Cu(OH), + OH - e — CuOOH + H,O (8)

Peak 5
CuOOH + H,O + e — Cu(OH), + OH" (9)

Peak 6
CuO + H,O + e — CuOH + OH" (10)
2Cu(OH), + 26 — Cu,O + H,O + 20H" (11)

Peak 7
CuOH + e — Cu+ OH" (12)
Cu,0 + H,O + 2¢" — 2Cu + 20H" (13)

The above analysis redox results further confirm the successful synthesis of Cu/Cu,O@MWCNTs
nanocomposites. After accomplishing the electrochemical activation, the constructed Cu/Cu,O@MWCNTs
-based electrodes are cycled 50 times to examine their electrochemical stability. From Figure 3B, the redox
peak currents of the Cu/Cu,O@MWCNTs-modified GC electrodes exhibit a decrease by approximately
2.0% after 50 continuous scans, indicating superior stability of the Cu/Cu,O ternary nanocomposites
integrated with MWCNTSs. To study the electron transfer of the electrode/electrolyte interface for the
modified electrode during the electrochemical process, we conduct EIS measurements. The semicircle
diameters at higher frequencies are equal to the electron transfer resistance (R,), which is inversely
proportional to the electron transfer rate constant and indicative of the electron transfer kinetics of the
redox probe at the electrode/electrolyte interface. The typical Nyquist plots of the various fabricated
electrodes with different nanocomposites in the redox probe of 5 mM K,[Fe(CN),] with the frequency of
10 to 10° Hz are illustrated in Figure 3C. As shown in Figure 3C, the fitting of the impedance data was
performed with the Randles circuit, where R, C,, and Z, represent the electrolyte resistance, double layer
capacitance, and the Warburg diffusion resistance, respectively. After fabrication with the diverse
nanocomposites, the diameter of the semicircle, representing the electron transfer resistance of the modified
layer, shifts to show that various materials are attached to the conductive surface of the GC electrode. The
order of the R, values is Cu/Cu,O@MWCNTs < MWCNTs < Cu/MWCNTs < GC < CutO@MWCNTs-
based GC electrodes, with CuO@MWCNTs-based GC electrodes possessing the highest resistance
attributed to the weak electrical conductivity of copper oxides. The resistance to electron transfer of the
MWCNTs is lower than GC electrodes, which is particularly explained by high specific surface area and
remarkable electrical conductivity of MWCNTSs. The analysis results demonstrate that the electron
transferring capability of Cu/Cu,O@MWCNTs nanocomposites is significantly fast. This proves that
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Cu/Cu,O@MWCNTs are effectively modified onto the GC surface, facilitating the construction of sensitive
nonenzymatic electrochemical sensors.

Herein, to further study this excellent electron transferring capability, cyclic voltammetry is conducted to
explore the electrocatalytic activity of the modified electrode towards glucose. As shown in Figure 3D, in the
presence of 1.0 mM glucose, glucose oxidation on the GC electrode seems to be very sluggish oxidation with
a tailed oxidation, indicating that the glucose electrooxidation on the GC electrode has very low
electrochemical kinetics. The oxidation potential of glucose on the MWCNTs-base electrode appears at
0.45 V, possibly owing to the catalytic activity and high specific surface area of the MWCNTs-modified
electrode. While, the oxidation potential is 0.46 V on the Cu@ MWCNTs-based electrode, lower than the
Cu,O electrode 0.04 V and higher than the MWCNTSs electrode 0.01 V. It is shown that the Cu@MWCNTs
material has a weak catalytic effect on glucose with the addition of Cu. As for Cu,O@MWCNTs-modified
GC electrodes, the high catalytic oxidation potential (0.50 V) may result from the weak catalytic activity of
the Cu,O material. The oxidation peak is 0.37 V at the Cu/Cu, O@MW CNTs-modified GC electrode,
exhibiting the lowest oxidation potential compared to the GC, MWCNTs-modified GC, Cu@MWCNTs-
modified GC, and Cu,O@MWCNTs-modified GC electrodes. This is attributed to large surface area of the
Cu/Cu O@MWCNTSs materials and the synergies between components in the Cu/Cu,O ternary
nanocomposites. Herein, MWCNTs serve as support materials to advance the conductivity and increase the
specific surface area, facilitating the capture of more glucose onto the electrode surface, while MWCNTs
also act as catalysts for glucose. Both copper and copper oxides are known to be catalytic for glucose””"*"; the
catalytic efficiency of the ternary composites of Cu/Cu,O@MWCNTs is 1.94 and 4.2 folds exceeding that of
Cu@MWCNTs and Cu,O@MWCNTs, respectively. This indicates that ternary composites have improved
catalytic activity over binary and unitary composites. The possible reasons are that higher specific surface
area of Cu/Cu,O@MWCNTs ternary materials and electrical conductivity of MWCNTs and Cu benefit
facilitating the electron transfer. The probable mechanism for glucose electrooxidation on electrodes based
on Cu/Cu,O@MWCNTs materials is during cyclic voltammetry; Cu, Cu(I) and Cu(II) would be oxidized to
Cu(IIl) based on reactions 1-13 above, which can facilitate the glucose oxidation to produce
gluconolactone™*. The presence of copper and its oxides promotes the production of Cu(III) so that
ternary composites have superior electrocatalytic oxidation properties than binary and unitary composites.
The study reveals that the Cu/Cu,O@MWCNTs-based electrode shows the highest current response. This is
due to the high electron transfer kinetics of the Cu/Cu,O@MWCNTs, as supported by the EIS results.

To obtain the kinetics of the electrochemical reaction of glucose at the Cu/Cu,O@MWCNTs-modified GC
electrode, the CVs of the Cu/Cu,O@MWCNTs-modified GC electrodes are further investigated for the
influence of scan rate (v) on the peak currents (I,) in Figure 4A. As the scan rates increase, the glucose
oxidation peak current at 0.37 V of the Cu/Cu,O@MWCNTs-modified GC electrodes also rises. As shown
in Figure 4B, the I, is linearly related to v, indicating that the electrochemical process of glucose at
Cu/Cu,0@MWCNTs-modified electrode is an adsorption-controlled process.

Amperometric response of the electrode

We have systemically examined and demonstrated the effective electrocatalytic activity of the
Cu/Cu,O@MWCNTs enables the efficient electrocatalysis for the glucose electrooxidation. The
amperometric response of the Cu/Cu,O@MWCNTs nanocomposites to modify GC electrodes for glucose
sensing was conducted. Before quantitative analysis, we examine the response of different voltages to
glucose for the optimized voltage value suitable for this sensor using amperometric detection. From
Supplementary Figure 3, the response to glucose is higher at 0.45 V than at other voltages; therefore, 0.45 V
is chosen as the test condition for all of the following tests. Figure 5A describes the amperometric response
of the Cu/Cu,O@MWCNTs-modified GC electrode toward continuous addition of glucose into NaOH.
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Figure 4. (A) Cyclic voltammetry of Cu/Cu,O@MWCNTs-modified GC electrode at various scanning rates within various scanning
rates with 1.0 mM glucose. The arrows indicate the directions of current rising with increasing scanning rates. (B) The calibration curve,
n=3.
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Figure 5. (A) Amperometric curve of the response of Cu/Cu,O@MWCNTs-modified GC electrode to glucose measured at 0.45 V. The
insert is the i-t curve of the response of the electrode to glucose with consecutive addition of glucose ranging from 0.005 to 0.5 uM. (B)
Corresponding calibration plots of | vs. C,n = 3.

Figure 5B records that the current responses of the constructed electrodes are linear with the glucose
concentration within a range of 0.005-6,000 M (I/pA = 0.018 C/M + 1.96, R* = 0.995). The limit of detection
(LOD) is calculated to be 0.003 uM, according to the principle of the 3/slope, where is the standard
deviation of a blank signal and the slope is determined from a linear calibration equation at a dynamic
concentration range of 0.005-6,000 pM. Additionally, the sensitivity of the Cu/Cu,O@MWCNTs-based
electrode is 257.14 pA-mM™-cm™.

Table 2 compares the results obtained from this work with those of previously reported nonenzymatic
glucose sensors. The result reveals that the sensitivity, LOD, and linear detection range are better than those
of most reported sensors.

Selectivity, repeatability, and reproducibility

High selectivity, repeatability, and reproducibility are crucial requirements for practical glucose detection.
In blood, glucose usually coexists with small amounts of organic molecules [i.e., dopamine (DA), ascorbic
acid (AA), uric acid (UA), 5-Hydroxytryptamine (5-HT) and 3,4-Dihydroxyphenylacetic acid (DOPAC)].
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Table 2. Comparison of the electrochemical performances between Cu/Cu,0@MWCNTs-based and other nonenzymatic glucose

sensors
Electrodes Sensitivity pA-mM™-cm? Linear range (uM) Detection limit (uM) Ref.
CuO@MCM-41/Ni foam® 0.01723 83-1,500 0.016 [51]
NiO/C@rGO/GCE’ - 11,115 0.658 [52]
Ni/NiO/NC/GCE* 76.03 0.6-8,600 0.2 [53]
ZnO TPs/MXene/GOxd 29 50-700 17 [54]
Co-PM-NDGPC/SPE® 427.85 30-1,071 7.8 [55]
Pt-l\/\WCNT/SFf 8.09 100-3,750 0.1 [56]
GCE/CNT/MOSZ/NiNPsg - 50-650 0.197 [57]
CU-BCVPGEh 6214.4 1,000-5,000 0.8 [58]
MoS,@CuCo,0,/GCE' - 0.5-393 05 [59]
Cu/Cu,O@MWCNTs/GC 257.14 0.005-6,000 0.003 This work

*CuO@Mobile crystalline material-41-modified nickel foam electrode; ®Nickel (gallate) pyrolysis with graphene oxide-modified GC electrode;
“Ni/NiO/Cellular carbon foam nanocomposite-modified GC electrode; 97no tetrapods/Ti;C, T, nanoflakes/Glucose oxidase-modified screen
printed electrode; *Cobalt and polymelamine/nitrogen-doped graphitic porous carbon nanohybrid composite-modified screen-printed electrode;
'MWCNT/silk fibroin flexible film, decorated with platinum nanoparticles and loaded with glucose oxidase; *Carbon nanotubes/MoS,/NiNPs-
modified GC electrode; hCo—deposition of Cu and biochar-modified pencil graphite electrode; iMOSZ@CUCOZO-mOdified GC electrode.

Whereas these organic substances also generate corresponding current signals during the actual detection
process, which can influence the glucose detection results. What is more, copper-containing materials-based
electrodes are susceptible to chlorine ion poisoning (Cl). Therefore, it is required that the prepared
electrode materials must have great anti-interference ability. In order to investigate the interference
rejection capability of the Cu/Cu,O@MWCNTs-modified electrodes, 10 uM DA, AA, UA, 5-HT, DOPAC,
3 mM CI, and 500 uM glucose are sequentially added to 0.1 M NaOH solution and repeated three times, as
shown in Figure 6A. It is evident from Figure 6A that there is an obvious current response when glucose is
added, whereas the current signals obtained from adding small amounts of other interferences are quite
weak. Taking the glucose response signal as a benchmark, the response signals of all interferents were
converted by percentage, and the results are shown in Figure 6B. Upon analyzing the results, it can be seen
that the response signals of the interferents are around 3%, which will not have a dominant effect on the
detection results. This further indicates that the as-prepared sensor is resistant to these small amounts of
interfering substances mentioned above. Subsequently, we conduct five consecutive amperometric response
measurements of 500 uM glucose to assess the repeatability of the Cu/Cu,O@MWCNTs-modified GC
electrode, resulting in a relative standard deviation (RSD) of 2.1%. Additionally, we tested the
reproducibility by comparing the amperometric response of 500 uM glucose using five freshly prepared
electrodes [Supplementary Figure 4]. The electrochemical system demonstrates superior reproducibility
with an RSD of 1.8% for five separately constructed electrodes.

Application analysis in serum samples

To assess its analytical utility, the constructed electrochemical sensor is employed for the glucose
determination in real samples. Before detection, all of the samples are diluted with 0.1 M NaOH by 50-fold,
which can reduce the matrix effect of the serum samples. To evaluate the correctness of the results, a certain
amount of glucose is spiked to the sample and the electrochemical results are compared with those of a
commercial blood glucose analyzer, yielding consistent results. The results obtained from three samples are
studied [Table 3]. The recovery rates of the spiked samples are measured in the range of 100.54% to 102.4%
with an RSD of 5.60 + 1.55 for glucose. This indicates that the developed sensor is both accurate and precise.
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Table 3. Determination results of glucose in human serum samples (n = 3)

Sample Concentration of glucose (mM) Added (mM) C(mM) Recovery (%) Mean RSD (mM)
1 5.0 0.5 555 100.5

2 5.0 0.5 5.55 102.4 5.60+1.55

3 51 0.5 5.70 101.8
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Figure 6. (A) The amperometric response of Cu/Cu,O@MWCNTs-fabricated GC electrode to the addition of interference species and
glucose. (B) The current for Cu/Cu,O@MWCNTs-modified GC electrode versus 10 uM DOPAC, 10 uM DA, 10 uM UA, 3 mM cr,
10 uM AA, 10 uM 5-HT, and 700 puM glucose, n = 3.

CONCLUSIONS

The Cu/Cu,O@MWCNTs ternary nanocomposites were used as an efficient electrocatalyst to construct an
electrochemical nonenzymatic sensor toward glucose. The Cu/Cu,O@MWCNTs ternary nanocomposites
were prepared through the electroless plating process and heat treatment. The Cu/Cu,O@MWCNTs-
modified GC electrode, based on Cu/Cu,O@MWCNTs ternary nanocomposites, exhibited increased
current response to glucose, demonstrating rapid response, excellent linearity, and superior sensitivity,
repeatability and reproducibility. The nonenzymatic electrochemical sensor demonstrated high selectivity
and sensitivity for glucose detection in human serum samples.
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