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Abstract

Electrochemical glucose sensors that rely on two-dimensional (2D) oxides have attracted significant attention
owing to the strong sensing activity of 2D oxides, but their practical application is hindered by the complexity and
high cost of fabrication of electrodes and integrated devices. Herein, a convenient and effective fabrication route
that includes printing a Ga-based liquid metal (LM) as a current collection electrode, followed by growing
electrochemically active 2D oxides directly on the surface of Ga-based LMs under mild conditions, is developed for
non-enzyme-based electrochemical sensors. Specifically, 2D annealed Cu-Oxide (ACO) is successfully grown on a
printed Ga electrode through a galvanic replacement reaction, resulting in the formation of a mechanically and
electrically well-matched interface between the active sensing materials and the current collection substrate.
Benefitting from the high quantity of 2D ACO and good charge transfer at the interface, the as-prepared ACO
electrode exhibits attractive glucose sensing performance, with a wide linear range (1 uM-10 mM) of effective
detection, low detection limit down to 1 uM, and high sensitivity of 0.87 pA-mM™cm?. Our study highlights the
potential of using LMs in bio-sensing applications and provides a non-enzyme-based electrochemical biosensor
platform for effective glucose detection in diets and clinical diagnostic settings.
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INTRODUCTION

Glucose, a vital molecule in the human body, plays a key role in biological cellular processes and clinical
diagnoses. Usually, the human body maintains a blood glucose concentration of 4.4-6.6 mM, and
excessively high or low blood glucose concentrations can cause various diseases, such as diabetes and
hypoglycemia. Thus far, numerous glucose-detection approaches have been studied to fulfill the standard
of clinical diagnosis and facilitate daily disease prevention. Among them, electrochemical glucose sensors
are considered a promising approach to convert chemical signals into electrical signals owing to their good
selectivity, high sensitivity, and compact size™. Most of the existing electrochemical glucose biosensors
utilize an enzyme (normally glucose oxidase enzyme) as the active component that reacts with and detects
glucose molecules. However, these enzyme-based electrochemical biosensors are usually limited by enzyme
conditions (for example, enzyme activity is directly affected by even slight changes in temperature or pH
value)™*?. Recently, non-enzyme-based electrochemical glucose biosensors that can easily detect glucose
through electrochemical redox reactions have attracted considerable attention. These sensors are more
robust and cost-effective compared to enzyme-based electrochemical biosensors'®”.

In the case of non-enzyme-based glucose sensors, development of electrode materials with good
electrochemical activity and effective construction of the electrode system are key challenges from the
perspective of improving their glucose detection performance. Notably, two-dimensional (2D) oxides offer
attractive advantages in glucose-sensing applications owing to their unique electrochemical capabilities,
relatively high surface area, and rapid electron mobility™’. Nevertheless, high energy consumption at the
mechanically and electrically mismatched interface between active 2D oxides and the conductive substrate
usually degrades the conversion rate of chemical signals to electrical signals, which limits the sensitivity and
application range of 2D-oxide-based biosensors"”. We anticipate that these challenges can be addressed by
directly growing 2D oxides on conductive substrates through physical/chemical deposition or wet chemical
synthesis"". However, the need for extreme fabrication conditions, including high temperatures and
excessive chemical treatment, limits the practical application potential of these sensors.

Recently, Ga-based liquid metals (Ga-LM) and related low-melting-point alloys with good fluidity, high
conductivity, and good biocompatibility have attracted considerable attention for use in diverse
applications, especially flexible electrodes and wearable sensors'*'*. Particularly, the active and smooth
surface of Ga-LM offers an ideal platform for the synthesis of 2D materials under mild growing
conditions"”. For example, various 2D oxides can be grown on the LM surface by inducing a galvanic
reaction between the metal atoms on the LM surface and the surrounding ions"*. Owing to the chemical
compatibility of the galvanic reaction and extensibility of post-processing, the 2D oxides synthesized on LM
templates are rich and diverse in species. Notably, a 2D oxide layer grown in this manner covers and
naturally comes into contact with the highly conductive LM, resulting in the formation of a perfect
mechanically and electrically matched interface between the 2D oxides and the conductive substrate!”*".
This construction scheme can be applied directly to form an integrated electrode decorated with active
materials in electrochemical devices. In addition, the deformability of LM imparts high flexibility to the
integrated electrode. Therefore, through this strategy, it is believed that a high-performance electrochemical
glucose biosensor with good interfacial interaction and flexibility can be achieved based on the combination
of 2D oxides and LM.

To validate this concept, cuprous oxide, a representative semiconductive 2D oxide used in glucose sensors
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thermodynamically favorable galvanic reaction between metallic Ga and Cu ions facilitates the direct
growth of Cu-based compounds on the Ga-LM surface™ ). Accordingly, herein, we propose a simple but
highly effective route to synthesize a Ga-LM electrode decorated with a 2D annealed Cu-Oxide (ACO)
surface layer for use in non-enzyme-based electrochemical glucose biosensors. By taking advantage of the
LM’s fluidity"*, a uniform and continuous Ga-LM film is printed on various substrates as the current
collector. Then, a high-quality ultrathin 2D ACO layer is grown successfully on the Ga-LM surface by
triggering a mild galvanic replacement reaction, which is followed by low-temperature thermal treatment.
In this manner, an integrated electrochemical electrode for glucose sensing is realized. This electrode
combines the electrochemical sensing capability of ACO, good conductivity of Ga-LM, and good interfacial
charge transfer between ACO and Ga-LM. The performance of the proposed glucose-sensing electrode is
evaluated using cyclic voltammetry (CV), linear sweep voltammetry, and amperometry, and it exhibits
satisfactory sensitivity (0.87 pA-mM™-cm?) and a wide linear detection range (1 uM'*mM). Furthermore,
the proposed sensor exhibits impressive glucose selectivity, and it can exclude several interfering signals,
such as those of sucrose, uric acid (UA), ascorbic acid (AA), and NaCl.

EXPERIMENTAL

Materials

Gallium (bulk, 99.99%) was purchased from Shanghai Aladdin Biochemical Technology Co. Ltd. Copper
nitrate hydrate [Cu(NO,),.xH,0, 99.99%], UA (99%), and AA (99%) were obtained from Shanghai Macklin
Biochemical Co. Ltd. Ammonium hydroxide solution (NH,OH, 25%) was purchased from Sinopharm
Chemical Reagent Co. Ltd. Potassium hydroxide pellets (KOH, 85%) and anhydrous sodium sulfate
(Na,SO,, 99.0%) were procured from Hunan Hui Hong. Ringer’s solution and simulated body fluid (SBF)
solution (pH 7.4) were purchased from Aladdin. Carbon black (Mw 12.011 g/mol) was purchased from
Sigma Aldrich. Flexible polyethylene (PE) and paper substrates were purchased from the market. Sodium
chloride (NaCl, AR) and glucose (AR) were purchased from Tianjin Kermel Chemical Reagent Co. Ltd.
Indium tin oxide (ITO) conductive glass (surface resistance: 6 Q/sq, light transmittance: -84%) was obtained
from South China Science and Technology Co. Ltd. All reagents were used directly without further
purification.

Sample preparation

The ACO electrode preparation process started with the printing of the Ga-LM electrode. 0.1 g of pure
melted Ga was first extruded onto the ITO glass substrate, which resulted in the formation of a well-
dispersed liquid Ga layer on the ITO substrate. Then, the liquid Ga layer was subjected to a blade coating
process to achieve uniform layer thickness. A simple printing process that combines this coating step with a
customized mask can be used to print various conductive patterns as electrodes. The Ga surface is sensitive
to oxygen; therefore, a Ga-oxide layer was readily formed after the printing process. In this manner, a
GaO,-Ga electrode was fabricated. The surface of the fabricated GaO,-Ga electrode was quickly treated with
1 mL of 1 M KOH solution, followed by rinsing with deionized (DI) water. This step was essential for
removing the gallium oxide skin formed on the Ga surface. Immediately after this step, the samples were
soaked in a solution of 0.01 M Cu(NO,), and NH,OH (adjusted pH = 11) and allowed to react for 10 min.
Thereafter, they were cleaned thrice with DI water and anhydrous ethanol to obtain CuO,-Ga electrodes.
Eventually, these electrodes were dried and annealed for 2 h in a tubular furnace at 200 °C to obtain the final
ACQO electrode.

Performance measurement

The electrochemical parameters and other response parameters of the fabricated electrodes were measured
using a standard electrochemical workstation (CHI660D, Shanghai Chenhua) in the test process. A three-
electrode system consisting of the synthesized electrodes was used as the working electrode, a platinum
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plate electrode was used as the counter electrode, and an Ag/AgCl electrode was used as the reference
electrode. A two-electrode flexible device composed of the synthesized ACO on Ga-LM as the working
electrode and carbon black coated on the surface of another batch of isolated Ga-LM as the counter
electrode was fabricated. The sensitivity can be calculated as the ratio of the slope to the electrode area,
Sensitivity = photocurrent/concentration/area.

Characterizations

The microstructure of ACO and CuO,-Ga electrodes were observed using scanning electron microscopy
(SEM, S-4800) with energy-dispersive X-ray spectroscopy (EDS, Oxford). The Raman spectra and
photoluminescence spectra of the ACO electrode were measured at room temperature and excitation
wavelength of 532 nm using a WITec-Alpha 300 Raman microscope. The crystal structure and
crystallization of the sample were studied using an X-ray diffractometer (XRD-D8 Discover). X-ray
photoelectron spectroscopy (XPS) was used in combination with one-chamber electron spectroscopy for
chemical analysis (ESCA) to analyze the oxides in these samples.

RESULTS AND DISCUSSION

The ACO electrode was fabricated through a simple printing process of Ga-LM onto the surface of ITO
glass, followed by in-situ growth of cuprous oxide on the Ga surface and the final annealing treatment
[Figure 1]. Specifically, when the printed Ga-LM electrode came into contact with oxygen, a thin oxide layer
was immediately formed on its surface. To remove the surface oxide layer and expose the Ga surface, the
electrode was washed with a base*””. Subsequently, galvanic replacement reactions” were carried out
between [Cu(OH),] and Ga on the electrode surface, and the final stable ACO layer was formed after
annealing.

The morphology of the as-prepared ACO electrode was characterized with SEM, and the resulting mapping
images are presented in Figure 2A-C. The SEM characterization results showed a flat surface with several
ripples was formed, as depicted in Figure 2A®. The inset of Figure 2A shows a high-magnification view of a
randomly selected area on the flat ACO surface, and this image clarifies that the flat surface was composed
of interconnected nanoparticles. In comparison, as shown in Supplementary Figure 1, while the surface
morphology of the CuO,-Ga electrode is similar, its surface is slightly less smooth, and a few defects exist
between the small copper oxide particles. This implies that after annealing treatment, the consistency of the
surface layer increased, and interfacial contact between the ACO film and the LM substrate improved. EDS
mapping of the ACO electrode shows the relatively homogeneous distribution of elemental Ga, O, Cu, and
C throughout the duration of the galvanic reaction and annealing treatment [Figure 2B]. The atomic
percentages of Ga, Cu, C, and O were around 85.6%, 1.14%, 6.2%, and 7.06%, respectively, as extracted from
the energy spectrum shown in Figure 2C. Owing to the fluidity of the LM, flexible PE, paper, and PE
terephthalate (PET) can be used as suitable substrates for printing LM with a uniform distribution
[Figure 2D]. After the solution containing [Cu(OH),] was added and the galvanic reaction was triggered,
the color of the electrodes printed on different substrates changed from white to red [Figure 2E].
Accordingly, in addition to preparing ACO electrodes on ITO glass for use in the fabrication of glucose
sensor devices, flexible integrated devices can be fabricated using the aforementioned flexible substrates.
Figure 2F depicts a flexible integrated glucose sensor device fabricated by printing an LM pattern on a PE
substrate. This device is composed of a concentric-ring-shaped two-electrode system, where ACO on
Ga-LM is the working electrode, and carbon black on Ga-LM is the counter electrode. The device has good
flexibility, and it can be bent to various angles [Figure 2G and H].
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Figure 1. Schematic illustration of ACO electrode synthesis. ACO: Annealed Cu-Oxide; ITO: indium tin oxide.
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Figure 2. (A) SEM image; (B) corresponding elemental mapping; and (C) EDS spectrum of a typical area on the ACO electrode surface;
(D) Images of liquid Ga printed on different substrates, including PE, paper, and PET; (E) Related ACO electrodes printed on PE, paper,
and PET substrates; (F) Images of a typical printed two-electrode system with ACO as the working electrode, carbon black as the
counter electrode, and PE as the substrate; (G) Schematic representation of the flexible ACO electrode; (H) Photographs of flexible
ACO electrodes bent to various angles. ACO: Annealed Cu-Oxide; EDS: energy-dispersive X-ray spectroscopy; PE: polyethylene; PET:
PE terephthalate; SEM: scanning electron microscopy.

Before performance evaluation, the surface chemical states of the ACO electrode, along with valence and
composition information, were elucidated using XPS. As depicted in Figure 3A, the survey spectra verified
the presence of Cu, Ga, and O in the ACO electrode. In addition, the Ga 3d spectrum, presented in
Figure 3B, clearly highlighted the three chemical states of Ga: the peaks at 18.1, 19.6, and 20.5 eV were
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Figure 3. (A) Survey XPS spectra of the ACO electrode; XPS spectra of (B) Ga 3d peaks; (C) Cu 3d peaks; (D) XRD pattern; and (E and
F) Raman spectra and photoluminescence spectra of the ACO electrode. ACO: Annealed Cu-Oxide; XPS: X-ray photoelectron
spectroscopy; XRD: X-ray diffractometer.

assigned to Ga, Ga,0, and Ga,0,, respectively. The Cu 2p spectra of the ACO electrode are depicted in
Figure 3C. The Cu 2p peaks were assigned to two components as follows: those at 932.3 and 951.9 eV were
assigned to surface Cu™ species, and those at 934.28 and 954.0 eV were assigned to surface Cu* species™ ),
The results proved that through Galvanic replacement, a CuO, film was formed on the electrode surface.
The valence state of Cu after annealing treatment was mainly Cu'. Moreover, the elemental composition
was analyzed further by using XRD [Figure 3D]. The peaks at 31 and 35.9 were assigned to Cu,O,, while the
peaks at 37.1 and 51.2 were assigned to Cu,O and CuO, respectively”. Raman spectra of the ACO electrode
surface are presented in Figure 3E. The main Raman peaks at 149 cm™ corresponded to the first-order
Raman-allowed mode (I,.) of Cu,O, while the peaks at 218 and 633 cm™ were assigned to the second-order
Raman-allowed mode (2I',,) and infrared-allowed mode [B‘z)g] of Cu,0, respectively®. The room-
temperature photoluminescence spectra of the ACO electrode excited by a 532 nm laser are depicted in
Figure 3F. The emission spectrum exhibits a larger optical peak centered at 2.06 eV, which is close to the
optical band gap value, as reported in the literature". These results further confirmed the synthesis of the

ACO electrode.

The as-grown ACO on the Ga surface was expected to serve as the active component for electrocatalytic
glucose sensing. Thus, the electrocatalytic properties of the ACO electrode were studied using a typical
three-electrode electrochemical system [Figure 4]. Figure 4A depicts CV results of the ACO electrode,
which were obtained in a 0.5 M Na,SO, solution at various scan rates (20-100 mV-s™). The peak current
increased as the scanning speed increased. Evidently, the linear variation of the reductive peak current with
the square root of the scanning rate, that is, the R* of the oxidation peak, was 0.99, while the R* of the
reduction peak was 0.96. These results indicated that the reaction was diffusion-controlled [Figure 4B].
Figure 4C depicts CV results of the ACO electrode when exposed to different glucose concentrations (0, 2,
4, 6, and 8 mM) at the scan rate of 40 mV-s* in 0.5 M Na,SO,. The redox current response of the ACO
electrode increased after glucose addition. Figure 4D shows the linear sweep voltammograms (LSV) of the
ACO and GaO,-Ga electrodes when exposed to different glucose concentrations at the scan rate of 10
mV-s". In addition, buffer solutions, which act as electrolytes, were tested herein to verify the reliability of
the glucose-sensing tests in body fluid environments. The results of a CV test of the ACO electrode in 0.1 M
phosphate buffer solution (PBS) (pH 7.2) indicated that the reaction was more effective at negative



Luo et al. Soft Sci 2024;4:7 | https://dx.doi.org/10.20517/ss.2023.40 Page 7 of 12

A 03

B 0.26

©  Oxidation peak
9 Reductive peak

= 20 mV/s
= 40 mV/s
o 60 mV/s
= 80 mV/s
e 100 mV/s

[%5] 3 )
02 R=0.96

0.1

T(mA)

0.0

0.1

1=2.96*10%*(n "y DV"**AC

0.2 T 2 PP TP S S TP S 1
b 05 04 03 02 0.1 0.0 01 02 03 04 05 . 4 5 6 7 3 9 10 F 05 0403 02 0000 01 02 03 04 05
E (V vs Ag/AgCl) Scan rate'” (mv"? 15'%) E (V vs Ag/AgCl)
— 20mVis 0.06
O2F  somvis —— 0mM f— g :::
— G0 mV/s 2mM —amM
0.1} — 80 mVis 4mM e P
— 100 mV/s ot P
8 mM 8mM
o ooz p—— 9mMGao)

=== 2mM(GaO)

1(mA)

r PR S S S TP TP SR S| 0.1 PR ' PP TP S S L L " N
0".‘[],5 04 03 02 01 00 01 02 03 04 05 0.5 -04 03 02 -0.1 00 01 02 03 04 05 0.5 04 -0.3 -0.2 0.1 0.0

E (V vs AgAgCl) E(V vs Ag/AgCl) E (V vs Ag/AgCl)

Figure 4. (A) CV curves of the ACO electrode in 0.5 M Na,SO, at different scan rates; (B) Plots of peak current density vs. scan rate”%
(C) CV curves of the ACO electrode exposed to different glucose concentrations (0O, 2, 4, 6, and 8 mM) in 0.5 M Na,SO,; (D) LSV
results of ACO and GaO,-Ga electrodes exposed to different glucose concentrations in 0.5 M Na,SO, at negative bias voltage; (E) CV
curves of the ACO electrode in 0.1 M PBS (pH 7.2) at different scan rates; (F) CV curves of the ACO electrode exposed to different
glucose concentrations (0, 2, 4, 6, and 8 mM) in 0.1 M PBS (pH 7.2). ACO: Annealed Cu-Oxide; CV: cyclic voltammetry; LSV: linear
sweep voltammograms; PBS: phosphate buffer solution.

voltages [Figure 4E and F]. Supplementary Figure 2 shows the results of similar tests of the ACO
electrode in Ringer’s Solution containing 0.1 mol/L NaCl and SBF solution containing 0.1 mol/L NaCl,
and both sets of results confirmed that the as-prepared ACO electrode exhibited great glucose-sensing
responses in these buffer solutions. These results indicate that the ACO electrode exhibited a certain
electrocatalytic efficiency in the glucose oxidation process, while the Ga-LM electrodes exhibited almost
zero activity in the same process.

Normally, the applied potential strongly influences the amperometric response of an electrochemical
sensing system to glucose. Figure 5A illustrates the amperometric response of the proposed system to 1 mM
glucose in 0.5 M Na,SO, at various applied potentials. The current response increased as the applied
potential was increased from 0 to -0.5 V. Nevertheless, to achieve high selectivity and avoid electrochemical
corrosion of the LM at higher potentials, -0.4 V was selected as the ideal detection potential for further
amperometric measurements. A chronoamperometry test was performed to evaluate the effective linear
range and sensitivity of the ACO electrode, wherein different glucose concentrations were added to 50 mL
of 0.5 M Na,SO, at intervals of 25 s under an applied potential of -0.4 V. The amperometric response results
are presented in Figure 5B. Upon glucose addition, the current increased gradually, indicating that the ACO
electrode exhibited effective electrocatalytic ability for glucose oxidation. Moreover, a linear relationship
was observed between the current response and added glucose concentration across various concentration
ranges. The corresponding linear regression equations are as follows [Figure 5CJ:

I(uA) =-21.77 C (mM) - 22.21 (1 uM - 100 uM) R* = 0.87 (1)
I(pA) =-2.42 C (mM) - 23.72 (100 uM - 1.6 mM) R*> = 0.98 (2)

I(uA) =-1.07 C (mM) - 25.85 (1.6 mM - 10 mM) R* = 0.99 (3)
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Figure 5. (A) Effect of applied potential on amperometric response of the sensor to 1 mM glucose in 0.5 M Na,SO,; (B) Amperometric
response curves of the ACO electrode for different glucose concentrations in 0.5 M Na,SO, under an applied potential of -0.4 V (vs.
Ag/AgCl); (C) Calibration plot of current response vs. different glucose concentrations with fitted lines of 1-100 uM, 100 uM-1.6 mM,
1.6-10 mM (the inset image corresponds to the concentration ranges of 1 um-10 mM); (D) Amperometric responses of the ACO
electrode to successive dropwise additions of glucose and interfering species (AA, UA, Sucrose, and NaCl) at -0.4 V (vs. Ag/AgCD); (E)
EIS results of ACO and GaO,-Ga electrodes in 0.5 M Na,SO ,. The inset shows the equivalent impedance circuit; (F) Amperometric
response curves of flexible sensors with ACO electrode in bent states of 0°, 60°, and 90° to glucose in 0.5 M NaCl-PVA electrolyte
under the applied potential of -0.7 V. AA: Ascorbic acid; ACO: annealed Cu-Oxide; EIS: electrochemical impedance spectroscopy; UA:
uric acid.

I(pA) =-1.31 C(mM) - 24.09 (1 uM - 10 mM) R* = 0.96 (4)

Furthermore, the sensing electrode exhibited an appropriate sensitivity of 0.87 pA-mM™*-cm™ with a
comparatively low detection limit of 1 uM. The key issue affecting non-enzyme-based electrochemical
sensors is an accurate distinction between the target analytes and the multitude of interfering species. For
verifying the anti-interference ability of the ACO electrode, several organic and inorganic substances that
are commonly found in the human body, such as NaCl (1 mM), AA (0.1 mM), UA (0.1 mM), and sucrose
(1 mM), were successively added to 0.5 M Na,SO, at -0.4 V to explore the selectivity of the glucose sensor
fabricated herein. As illustrated in Figure 5D, a significant response to glucose was observed, while the
responses to the organic interferences AA and UA were negligible. Furthermore, the sensor exhibited minor
responses to 1 mM Cl and sucrose, but these responses were weaker than its response to glucose. These
research data proved the good selectivity of the ACO electrode. Meanwhile, Figure sE depicts the
electrochemical impedance spectroscopy (EIS) Nyquist plots of the ACO and GaO,-Ga electrodes from
1 MHz to 0.1 Hz. The two electrodes exhibited similar contact resistance, but their semicircle radians were
different. The inset image shows the equivalent impedance circuit. Therefore, the charge transfer resistance
of the ACO electrode was higher than that of the GaO,-Ga electrode, which indicated that the ACO had
higher electro-activity. In addition to evaluating the glucose-sensing performance of the typical three-
electrode system, the fabricated flexible two-electrode device [Figure 2F-H] was applied directly as a glucose
sensor. Figure 5F shows the amperometric response curves of the flexible device to glucose in 0.5 M Na,SO,
under an applied potential of -0.7 V in bent states of 0°, 60°, and 90°. The fabricated flexible device with the
proposed ACO electrode exhibited good glucose response at various bending angles, which indicated that
the interfacial contact between the LM and surface copper oxide was good. For comparison, the
determination performance of the ACO electrode fabricated in this work was compared to those of non-
enzymatic glucose sensors based on other reported materials, as summarized in Table 1. Compared to the
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Table 1. Comparison of behavior of flexible sensors based on the ACO electrode with those of non-enzymatic glucose sensors based
on other reported materials

Materials Electrode fabrication Limit of Sensitivity Applied Flexibility Ref.
detection pAmM'em?  potential (V)
(uM)
Si-CuO core-shell MPI method; E evaporator 740 2,324.09 1.0 (vs. x [40]
nanowire Ag/AgCl)
Cu,0/TiO, A JDF-05 benchtop machine at an applied 14.4 1.0366 0.7 (vs. x [41]
voltage of 21kV and a propulsion rate of Hg/HgO)
1.0 mL/h; 600 °C
CuO 450 °C at atmospheric pressure; NH5; 650 °C 59 263 0.54 (n/A) x [42]
Cu/Cu,0 700 °C 0.31 621.12 0.4 (n/A) x [43]
Au@CuO/V,CT, HF aqueous, argon, vigorous stirring, low 5 1124 % 10° 0.45 (vs. SCE) % [44]
temperature
MXene/NiCo-LDH HF, vacuum, centrifugation, high temperature 0.53 67.75 0.45 (vs. SCE) % [45]
Ti;C,T,-Cu,0 Centrifugation, vacuum, HF, high temperature 10 11.061 0.6 (vs. x [46]
Ag/AgCl)
Pt/MXene/CH/Pt HCI, high temperature, lithography 29.15 3.43 0.2 (vs. v [47]
Ag/AgCl)
ACO Room temperature 1 0.87 -0.4 (vs. \ This
Ag/AgCl) work

ACO: Annealed Cu-Oxide; CH: conductive hydrogel; HF: hydrofluoric acid ; LDH: layered double hydroxide ; MPI: micro-propulsive injection; SCE:
saturated calomel electrode.

OH OH
ACO o
Flexible — OH OH
substrate HO.
0,
Glucolactone 0 :
\ OH o
OH on
£
=
e
E
H
=
Na,SO, @
electrolyte =

Figure 6. Schematic of electrochemical oxidation of glucose on the surface of the ACO electrode. ACO: Annealed Cu-Oxide.

sensors based on the other materials, the sensor based on the proposed ACO electrode exhibited superior
flexibility, higher sensitivity, and lower limit of detection.

The electrochemical oxidation mechanism of glucose at the ACO electrode is depicted in Figure 6. Owing to
the strong O, adsorption capacity of cuprous oxide, under the externally applied negative potential, cuprous
oxide facilitated the transformation of O, into O, [Equation (5)]"". O, further reacted with H,O and
electrons to produce H,0, and hydroxyl radicals (-OH) [Equations (6) and (7)]®**. These strongly
oxidizing -OH radicals initiated the auto-oxidation of glucose to produce glucolactone [Equation (8)]"".
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Cu,0+0,+¢ —Cu0+0, (5)

0, +H,0—-H,0, +-OH (6)
0, +H,0,—-H,0O+-OH + O, (7)
-OH + glucose — glucolactone (8)

Then, the electrons produced by the electrochemical oxidation of glucose were transferred to the external
circuit through the working electrode, which generated a current signal. As discussed above, cuprous oxide
enhanced the electrocatalytic activity of the ACO electrode by producing O, and -OH, leading to glucose
oxidation at negative potentials.

CONCLUSIONS

In sum, we proposed a novel approach to prepare a highly sensitive, non-enzyme-based electrode with good
selectivity for electrochemical glucose sensing by directly printing Ga-LM on an ITO or PE substrate and
realizing galvanic replacement in situ growth of cuprous oxide on Ga-LM. The characterizations and
electrochemical measurements of the as-prepared electrode revealed the successful fabrication of cuprous
oxide, and the proposed electrode can potentially be applied in enzyme-free electrochemical sensing
schemes. Owing to mechanical and electrical synergy of the ACO, the ACO electrode exhibited high
sensitivity in the glucose detection over a wide glucose concentration range of 1 uM-10 mM. In addition, the
sensor exhibited a low detection limit and good selectivity for glucose. The glucose sensor fabricated herein
has great potential for use in the detection of human serum glucose, dietary glucose, and clinical diagnoses.
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