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Abstract Dependable and sensitive glucose (Glu) testing in foodstuff and blood 

serum is highly desirable to prevent and treat diabetes. Electrochemical quantification 

of Glu has attracted great interests due to the advantages, including simple operation, 

higher sensitivity, easy miniaturization, ease of on-site and wearable detection as well 

as fast response. High costs and environmental dependence of enzymes pose a 

challenge to the electrochemical enzymatic biosensors. Nonenzymatic 

electrochemical Glu sensors are urgently needed to aid the Glu detection in human 

serum and food samples. To fabricate flexible Glu electrochemical sensors, designing 

suitable electrode substrate and efficient electrocatalyst is of paramount significance. 

Herein, the porous patterned laser-induced graphene (LIG) was fabricated on 

polyimide substrates through an efficient laser-inducing technology, and then used 
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directly as the electrode substrate. Electrochemical deposition of NiCo layered double 

hydroxide (LDH) nanoflakes on the LIG surface was then conducted to achieve 

NiCo-LDH/LIG electrode as a Glu sensor. Under optimal conditions, this sensor 

displays a low detection limit of 0.05 μM. Two sets of broad detection linear ranges 

were found to be from 0.5 to 270 μM and from 0.27 to 3.6 mM, with high sensitivities 

of 9.750 μA μM-1 cm-2 and 3.760 μA μM-1 cm-2, respectively. The enhanced 

performance was ascribed to the cooperative action of NiCo-LDH and LIG, in which 

porous LIG provides extraordinary electroconductibility and a high surface area, 

while NiCo-LDH offers numerous exposed active sites and outstanding 

electrocatalytic performance. Practical application was further verified during the Glu 

detection in human serum and food samples. This research confirms that the NiCo-

LDH/LIG composite is a prospective electrode for high-performance Glu sensor and 

provides a way of developing nonenzymatic electrochemical sensors to analyze the 

Glu in human serum and food samples, opening new avenues in electrochemical 

sensing. 

Keywords: Electrochemical sensor; Glucose; Laser-induced graphene (LIG); NiCo-

LDH; Nonenzymatic sensing 

1. Introduction

Diabetes is a well-known metabolic disease due to glucose (Glu) metabolic 

disorder (i.e., high blood Glu levels) which may cause severe health problems [1]. 

Over 500 million people around the world endure diabetes mellitus and this number is 

growing rapidly in recent years. On the other hand, Glu balances sweetness and 

improves tastes. It is then frequently added to various foodstuffs (e.g., beverages, milk 

and coffee drinks) [2]. Consequently, dependable and sensitive Glu testing in 

foodstuff and blood serum is highly desirable to prevent and treat diabetes. 

Many sensing techniques like surface-enhanced Raman scattering, fluorescence, 

colorimetry and high-performance liquid chromatography (HPLC) have been 

employed to monitor Glu and display high sensitivity and precision, but these analysis 

methods are limited by the lack of simple, budget, and easy-to-use instrumentations as 

well as the requirement of sophisticated sample pretreatment procedure [3-6]. To 

manage these technical difficulties, electrochemical quantification of Glu was 
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developed and has attracted great interests by virtue of its many advantages, including 

lower cost, simple operation, higher sensitivity and selectivity, easy miniaturization, 

ease of on-site and wearable detection as well as fast response [7,8]. Electrochemical 

Glu platforms can be classified into enzymatic and enzyme-free sensors. Originally, 

the enzymatic type sensors have been used extensively owing to their high selectivity 

and reliability [9]. Nevertheless, their high costs and environmental dependence of 

enzymes pose a challenge to the electrochemical enzymatic biosensors [9]. Therefore, 

many studies have focused on the Glu sensors without the enzyme, which function 

through direct electrocatalysis of the sensing materials utilized to modify the electrode 

and direct oxidation of Glu on the electrode surface [10].

For example, tremendous efforts have been done to develop electrocatalysts with 

prominent electrocatalytic ability for fabricating non-enzymatic Glu sensors. Among 

them, precious metal nanoparticles (i.e., platinum, gold, silver, and so on.) and their 

alloys have been widely employed for the non-enzymatic determination of Glu in that 

they possess a high catalytic activity against Glu [11-14]. Nevertheless, their 

applications are hindered by their low abundance, easy inactivation, and high costs 

[15].

Therefore, investigators have been triggered to investigate and develop catalysts 

with superior electrocatalytic behavior and low costs for Glu electrooxidation. It is 

worth noting that the first-row transition metal (i.e., Co, Ni, Cu, Fe and Mn) 

nanoparticles and their oxides, metal-organic frameworks, hydroxides as well as other 

compounds offer the advantages of low cost, long-term stability, earth abundance, and 

high activities in electrocatalytic sensing toward Glu electrooxidation, making them 

promising materials for developing Glu electrochemical sensors [16-20]. Particularly, 

Ni- and Co- based electrocatalysts have emerged as the most hopeful electrochemical 

sensing materials for the Glu detection due to their high detection activity. 

Meanwhile, the merged type of Ni and Co systems can offer the cooperative function 

toward the electrocatalysis [21,22]. Among these Ni- and Co-containing compounds, 

layered double hydroxide (LDH) nanosheets are particularly promising in the field of 

catalysis because of their advantages of outstanding electrocatalytic ability, highly 

interconnected structure and enhanced redox activity [23-25]. Nevertheless, a LDH 

possesses low conductive and dielectric properties, which hinders its further 

adhibition in the field of electrochemical sensor.

To enhance the catalytic performance and electrical conductivity of LDHs, a 
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preferred approach is to incorporate them with nanocarbons or noble metal 

nanoparticles which possess excellent electrical conductivity [26,27]. Graphene, as 

one kind of carbon nanomaterials, is an ideal candidate as the conductive substrate 

due to its rich surface chemistry, a large accessible surface area and highly conductive 

character [28]. Although a variety of approaches including chemical vapor deposition, 

chemical exfoliation and the reduction of graphene oxide (GO) have been 

successfully employed to prepare graphene [29,30], the conventional synthesis 

method of graphene suffers from the use of expensive instrument, the application of 

high temperatures, dangerous and complex handling processes, and time-consuming. 

By comparison, direct laser writing (DLW) is likely an appropriate technique for 

graphene synthesis that can resolve the challenges of the aforementioned approaches 

[31]. It features a one-step, rapid, and reagent-less procedure for graphene preparation 

under laser irradiation of suitable carbon precursors (e.g., a polyimide (PI) film) [32]. 

More extraordinarily, DLW enables the construction of three-dimensional (3D) porous 

and interconnected graphene network, known as laser-induced graphene (LIG) [33]. 

Thanks to the advantages of superior electrochemical performance and 

electrocatalytic activity, efficient and cost-effective preparation as well as porous 

structure with high accessible surface areas, LIG has been employed for some 

applications containing electrochemical sensor, energy storage and electrocatalysis 

[34-36]. In addition, the 3D porous graphene can be an interesting supporting 

structure offering many active sites, coating with other active materials [37]. More 

importantly, the patterned LIG on the PI sheet can be employed directly as the 

substrate of a working electrode in place of the usual working electrodes such as 

glassy carbon electrodes, which lack flexibility and are challenging to fabricate 

flexible and wearable sensor [38]. 

In this work, a novel enzyme-free electrochemical Glu sensor (NiCo-LDH/LIG) 

is constructed by the electrodeposition of NiCo-LDH nanoflakes on a LIG electrode, 

leveraging their outstanding electrocatalytic properties. The patterned LIG was first 

produced on the PI film through the laser-induced technology, and then high dense 

NiCo-LDH nanoflakes were electrodeposited on the LIG surface, gaining a NiCo-

LDH/LIG electrode. After being characterized using various techniques, this electrode 

was utilized for the Glu determination. Stemming from the cooperative features 

between the 3D porous architecture of the LIG foam and NiCo-LDH nanoflakes, the 

developed NiCo-LDH/LIG electrode possesses a high electrocatalytic area, rapid 
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electron transfer, and excellent electrochemical activity for sensing Glu. The 

established non-enzymatic sensors exhibited the advantages of a linear response in a 

wide range, high sensitivity, low detection limit, satisfactory selectivity and feasibility 

in foodstuff and human serum. 

2. Materials and methods

2.1. Chemicals and reagents 

All chemicals were analytically pure and was utilized without further treatment. 

Cobalt nitrate hexahydrate (Co(NO3)2·6H2O), sodium hydroxide (NaOH), potassium 

chloride (KCl), nickel nitrate hexahydrate (Ni(NO3)·6H2O), potassium ferricyanide 

(III) (K3[Fe(CN)6]), citric acid (CA), lactose (Lac), uric acid (UA), sucrose (Suc), 

ascorbic acid (AA), fructose (Fru), sodium chloride (NaCl), dopamine (DA), and 

sodium carbonate (Na2CO3) were all procured from Shanghai Sinopharm Chemical 

Reagent Co., Ltd. The commercial polyimide (PI, Kapton) with a thickness of 0.055 

mm was supplied by Shenzhen Xinhongsen Technology Co., Ltd and used as source 

of graphene. The CheKine Micro Glucose Assay Kit (KTB1300) was purchased from 

Abbkine Scientific Co., Ltd. (Wuhan, China). All experiments were accomplished in 

high-purity Milli-Q water. 

2.2. Instrument

Specific patterns of LIG were produced utilizing a constant focusing laser 

(Diaotu Engraving Machine L1, Shanghai Diaotu Tech. Co., Ltd.). A scanning 

electron microscope (SEM, JEOL-JSM-7100F) was applied to study the morphology 

and structure of LIG and NiCo-LDH/LIG. With the aid of a transmission electron 

microscope (TEM, Tecnai G2 20 S-TWIN), the TEM images were gained. The XPS 

measurements was utilized in the chemical composition investigation and conducted 

on an AXIS Ultra DLD instrument. Raman measurements were performed adopting a 

Thermo Fischer DXR Raman microscope. Moreover, the powder X-ray diffraction 

(XRD) investigations of LIG and NiCo-LDH/LIG were carried out in Bruker AXS 

D8. All the electrochemical data were collected utilizing a CHI660E electrochemical 

workstation.

2.3. Formation of graphene on PI

A piece of 0.055 mm thickness PI sheet was utilized as a processing material for 
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the LIG production. Then, the PI sheet was tapped on a PET surface and then 

subjected to laser-engraving exploiting self-designed one-electrode patterns with a 

wavelength of 450 nm and a laser peak power of 3.8 W. Afterward, a working area (3 

mm in diameter) was defined by an insulating film.

2.4. Fabrication of of NiCo-LDH/LIG electrodes

The potentiostatic electrodeposition of NiCo-LDH on LIG was carried out in a 

standard three-electrode cell. The prepared LIG sheet or the glassy carbon electrode 

(GCE, diameter = 3 mm) served as the working electrode (WE), a Pt wire as the 

counter electrode (CE), and a SCE (saturated KCl) as the reference electrode (RE). 

The three-electrode system was immersed in 10 mL H2O containing 8 mM Co(NO3)2 

and 2 mM Ni(NO3), and the NiCo-LDH materials were modified on the LIG surface 

through an electrodeposition process via a potentiostatic mode at -1.0 V for 300 s. 

After that, the prepared NiCo-LDH/LIG electrode was washed with triple distilled 

water, and then placed under an infrared lamp. For comparison, NiCo-LDH/GCE 

were also fabricated under the above conditions. The experiments were performed at 

room temperature and atmospheric pressure. The preparation procedure of a NiCo-

LDH/LIG sensor for quantifying Glu is clarified in Fig. 1.

Figure 1. Preparation of a NiCo-LDH/LIG electrode through laser-engraving and 

electrochemical deposition as well as its use in the electrochemical sensing of 

glucose.
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2.5. Real sample pretreatment

To assess the practicability of the proposed NiCo-LDH/LIG sensor towards the 

Glu detection, a series of samples including coffee drinks, milk, milk tea, cola, orange 

juice, vitamin drinks, honey and human serum were selected as the actual samples. 

Before detecting the electrochemical signals, these samples were firstly treated. The 

coffee drinks, milk, cola, orange juice and vitamin drinks were diluted 10 times with 

water, and then filtered by 0.45 μm membrane filters. For 1.6 g of milk tea powder or 

1.6 g of honey samples, it was dissolved in 8 mL H2O solution, and then filtered by 

0.45 μm membrane filters. The serum samples were centrifuged at 8000 rpm for 10 

min and then directly used.

3. Results and discussion

3.1. Physicochemical features of LIG and NiCo-LDH/LIG composites

The surface microstructure and morphology of LIG and NiCo-LDH/LIG 

composites was investigated by use of SEM and TEM. From the SEM and TEM 

images of LIG (Fig. 2A and B), the LIG is a honeycomb-like texture with a 3D porous 

structure and high porosity, wrinkled sheetlike structure with rich edges. These typical 

structures identify that graphene has been prepared successfully via laser-scribing a PI 

matrix. After the laser patterning procedure, NiCo-LDH was electrodeposited on the 

LIG sheets. As displayed in the SEM and TEM images (Fig. 2C, D), the NiCo-LDH 

nanoflakes are highly-dense, uniformly distributed along the LIG skeleton without 

any evident damage or alteration of the initial 3D porous structure of LIG, which is 

expected to enlarge the surface area, offer more active sites and high electrocatalytic 

activity toward Glu oxidation. 

Additionally, the EDS elemental mapping of NiCo-LDH/LIG composites (Fig. 

2E and F) confirm that the NiCo-LDH/LIG composites are composed of C, Ni, Co 

and O elements. All elements evenly distribute over the surface and interface of 

NiCo-LDH/LIG, implying the uniform composition of NiCo-LDH onto the LIG 

surface. By merging the advantages of a three-dimensional (3D) porous architecture 

of LIG foam with NiCo-LDH nanoflakes including rapid electron transfer, numerous 

active sites and excellent electrocatalytic ability toward Glu, the developed NiCo-

LDH/LIG electrode will show excellent electrochemical activity for sensing Glu.

The XRD tests were used to investigate the crystallographic structure and purity 

of LIG and NiCo-LDH/LIG samples. In the XRD profiles of LIG and NiCo-LDH/LIG 
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samples (Fig. 3A), a broad diffraction signal is centered at 26.0°. It can be assigned to 

(002) facet of graphene, identifying that graphene was gained by transforming PI by 

patterned laser irradiation. Compared with LIG, NiCo-LDH/LIG samples have four 

new diffraction peaks detected at 11.6°, 23.3°, 34.9°, and 60.9°, corresponding to the 

NiCo-LDH (003), (006), (012), and (110) planes (JCPDS 33-0429), respectively [26]. 

These results indicate that the successful formation of NiCo-LDH/LIG composite 

without other impurities was accomplished in this work.

 

 

 
Figure 2. SEM (A,C) and TEM (B,D) images of LIG (A,B), NiCo-LDH/LIG (C,D) 

and corresponding element distribution (E,F) of NiCo-LDH/LIG composites.

In order to prove the existence of multilayer graphene, Raman characterization 
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was performed on the LIG and NiCo-LDH/LIG samples (Fig. 3B). Obviously, the 

Raman spectra reveal three characteristic peaks of graphene-derived materials, 

involving the D band at ~1350 cm−1, the G band at ~1580 cm−1 and the 2D band at 

~2700 cm−1. All of them confirm the formation of graphene in LIG and NiCo-

LDH/LIG samples. Moreover, the average ratio of 2D/G peak intensity is 0.576 and 

0.594 for LIG and NiCo-LDH/LIG, respectively, suggesting the formation of 

multilayer graphene [33].

The XPS characterization was conducted on NiCo-LDH/LIG samples to clarify 

their chemical environment and valence states. For the NiCo-LDH/LIG samples 

(Figure 3C), the typical C 1s, O 1s, Co 2p and Ni 2p peaks are obviously observed, 

revealing the presence of nickel, carbon, oxygen and cobalt elements. The specific 

information was then obtained from the deconvoluted spectrum of Co 2p and Ni 2p. 

In the Co 2p high-resolution spectrum (Fig. 3D), there are two diffusive broad peaks 

of Co 2p3/2 and Co 2p1/2 peaks located at 781.6 eV and 797.1 eV, which can be further 

deconvoluted into a couple of peaks and two satellites (labelled as Sat.) at 787.8 and 

803.8 eV. One couple of peaks at 781.6 and 796.9 eV may attribute to Co3+2p3/2 and 

Co3+2p1/2, and the other couple at 783.3 and 798.3 eV attribute to Co2+2p3/2 and 

Co2+2p1/2, which confirm the presence of Co3+ and Co2+ in NiCo-LDH/LIG samples 

[26]. Moreover, the high-resolution spectrum of Ni2p (Fig. 3E) shows two pairs 

according with Ni2+ (856.5/874.2 eV) and two satellites at 862.4 and 880.4 eV [26]. 

All these results confirmed the effective preparation of NiCo-LDH on the LIG 

surface.

Figure 3. XRD spectra (A) and Raman spectra (B) of LIG and NiCo-LDH/LIG; Full 
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XPS spectra (C) of NiCo-LDH/LIG, and the corresponding deconvoluted spectra of 

Co 2p (D), Ni 2p (E) in NiCo-LDH/LIG.

3.2. Electrochemical performance study of NiCo-LDH/LIG

Electrochemical tests were performed to explore the electron transfer capabilities 

of LIG, NiCo-LDH/LIG, GCE and NiCo-LDH/GCE in a 0.1 M KCl aqueous 

electrolyte containing 5.0 mM [Fe(CN)6]3−/4− at a scanning range of 5 mV s−1 (Fig. 4 A). 

The anodic peak current of a bare GCE is 37.57 μA. After the modification of NiCo-

LDH on a GCE, the anodic peak current is reduced to 20.49 μA because of the low 

electronic conductivity of NiCo-LDH, impeding the electron transfer approach on the 

NiCo-LDH/GCE surface. Compared with a GCE, the anodic peak current increases to 

53.25 μA when using the LIG as the working electrode owing to the improved 

electron transfer triggered by the high electrical conductivity of LIG. Similarly, due to 

the low electronic conductivity of NiCo-LDH, the anodic peak current of 48.67 μA is 

gained on a NiCo-LDH/LIG electrode.

In addition, EIS measurements were carried out to examine the electron transport 

kinetics of LIG, NiCo-LDH/LIG, GCE and NiCo-LDH/GCE. The Nyquist plots of 

LIG, NiCo-LDH/LIG, GCE and NiCo-LDH/GCE were recorded in a 0.1 M KCl 

aqueous electrolyte plus 5.0 mM [Fe(CN)6]3−/4− at open circuit potentials. (Fig. 4B). 

Inside them, the semicircle at a higher frequency region represents the charge transfer 

resistance (Rct). A Randles circuit (the inset in Fig. 4B) was further utilized to fit these 

Nyquist plots. The model consists of the double-layer capacitance (Cdl), the electrolyte 

resistance (Rs), Warburg impedance (Zw) and Rct, of which the values are shown in 

Table 1.

The GCE has the Rct value of about 176.4 Ω. An obvious increase of Rct value 

(1394.8 Ω) was observed when NiCo-LDH was modified on GCE, suggesting the 

poor electrical conductivity of NiCo-LDH. Compared with the GCE, the Nyquist 

curve of LIG presents a reduction for the Rct value (51.3 Ω), signifying the decreased 

electron transfer resistance and the improved electrical conductivity for the LIG to the 

GCE. The NiCo-LDH/LIG owns an Rct of about 68.8 Ω since NiCo-LDH renders the 

electron transport between the probe and electrode more difficult.

The electrocatalytic behavior of LIG, NiCo-LDH/LIG, GCE and NiCo-

LDH/GCE toward the oxidation of Glu was examined in 0.1 M NaOH solution with 

Glu-free (dashed line) and 2 mM Glu (solid line) at a scanning range of 5 mV s-1. 

From the cyclic voltammetric (CV) responses (Fig. 4C), It can be observed that the 
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CV response of either a bare LIG or a bare GCE does not vary notably before and 

after the injection of 2 mM Glu, suggesting no catalytic activity of these electrodes 

toward Glu. However, one couple of broad redox peaks appears in the presence of Glu 

(solid line) when NiCo-LDH/LIG and NiCo-LDH/GCE are used as the working 

electrode, which are generated by overlapped redox peaks of Ni(II)/Ni(III) and 

Co(II)/Co(III) in an alkaline electrolyte. After 2 mM Glu is dropped into the 

electrolyte, a significant increase of the signal is seen, suggesting that NiCo-LDH 

possesses a high electrocatalytic ability toward Glu oxidation. Notably, compared 

with the increased current intensity on NiCo-LDH/GCE, a larger improvement of 

response current is observed on NiCo-LDH/LIG, which can be attributed to the 

inferior electrochemical capability of a GCE, indicating the excellent electron transfer 

capability and a large electrochemical active surface area of LIG. 

In order to further study the electrocatalyst’s activity, the electrochemical surface 

areas (ESCA) of LIG, NiCo-LDH/LIG, GCE and NiCo-LDH/GCE were estimated by 

determining their double-layer capacitances (Cdl) since ESCA is proportional to Cdl 

[7]. To estimate Cdl values, the CV plots of LIG, NiCo-LDH/LIG, GCE and NiCo-

LDH/GCE were obtained at varying scan rates (75 - 175 mV s-1) in the non-faradic 

region from 0 to 0.2 V (Fig. 4D-4G). From the calibration curve of the current density 

(Δj) at 0.10 V versus sweep speeds, the calculated Cdl values of GCE, NiCo-

LDH/GCE, LIG and NiCo-LDH/LIG are 117.10, 46.22, 1220.00 and 5200.00 μF 

cm−2, respectively (Fig. 4H). Consequently, the NiCo-LDH/LIG acquires the largest 

ECSA value, demonstrating more catalytic active sites and thereby significantly 

simplifying the Glu adsorption.

On the basis of the above outcomes, the excellent sensing capability of the NiCo-

LDH/LIG electrode for Glu is expected, probably originated from the cooperative 

effect of NiCo-LDH and LIG. The porous graphene network endows an enlarged 

electrochemical surface area, accelerates the charge transport kinetics and also 

functions as a perfect  substrate for NiCo-LDH nanoflakes deposition. The 

homogenous distribution of high dense NiCo-LDH nanoflakes on LIG offers 

supplementary exposed active sites and enhances the catalytic activity towards Glu 

oxidation, and LIG accelerates the electron transference. 
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Figure 4. CVs (A) and EIS spectra (B) of LIG, NiCo-LDH/LIG, GCE and NiCo-

LDH/GCE in 0.1 M KCl containing an equimolar (5 mM) mixture of K3Fe(CN)6 and 

K4Fe(CN)6. Inset in (B): Randle’s circuit model.  (C) CVs of LIG, NiCo-LDH/LIG, 

GCE and NiCo-LDH/GCE in 0.1 M NaOH with Glu-free (dashed line) and 2 mM Glu 

(solid line) at 10 mV s-1. (D-G) CVs of various electrodes in 2 M KCl at different 

sweep speeds in non-Faraday potential regions. (H) Calibration plots of Δj = ja-jc at 

0.10 V vs. different sweep speeds. 

Table 1. The electrochemical impedance data of LIG, NiCo-LDH/LIG, GCE and 
NiCo-LDH/GCE in 5 mM [Fe(CN)6]3−/4− + 0.1 M KCl.

Electrode Rs (Ω) Cdl (F) Rct (Ω) Zw (Ω s-1/2)
LIG 287.3 0.219×10-5 51.3 0.0021

NiCo-LDH/LIG 198.5 3.950×10-5 68.8 0.0023
GCE 87.8 0.054×10-5 176.4 0.0014

NiCo-LDH/GCE 111.8 0.055×10-5 1394.8 0.00069

3.3. Electrochemical detection of Glu

To achieve the best performance of the determination sensitivity of NiCo-

LDH/LIG toward Glu, the ratio of Ni and Co in NiCo-LDH, the electrodeposition 

time of NiCo-LDH and the applied potential were optimized. The influence of Ni:Co 
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mole ratios toward Glu detection by NiCo-LDH/LIG was explored (Fig. 5A). With an 

increase of a Ni:Co molar ratio from 1:9 to 8:2, the current signal strengthens. 

However, it declines when the Ni:Co molar ratio exceeds 8:2. The response current 

for Glu displays a tendency of a gradual growth with the prolonging of 

electrodeposition time from 100 s to 300 s and exhibits lower values when the 

deposition time is higher than 300 s (Fig. 5B). Moreover, the influence of different 

applied potentials (0.40-0.60 V) on the current density of NiCo-LDH/LIG was studied 

(Fig. 5C). The modified electrode delivers a maximum current signal at the working 

potential of 0.50 V. Therefore, a Ni:Co molar ratio of of 8:2, an optimal deposition of 

300 s, and an applied potential of 0.50 V were was applied for the subsequent 

experiments.

Figure 5. Effect of the Ni:Co molar ratio (A) and deposition time (B) for the 

production of NiCo-LDH on the LIG surface as well as applied detection potential (C) 

on the Glu current response.

To study the mass transport process on the NiCo-LDH/LIG, its CVs were 

recorded upon adding 2 mM Glu (Fig. 6A) at varied scan rates (v) ranging from 10 to 

70 mV s-1. It can be noticed that both the anodic and cathodic peak currents (Ipa and Ipc) 

progressively increase with an increase of scan rate (v). Moreover, the Ip (i.e., Ipa and 

Ipc) has a linear correlation with v, suggesting that the electron transfer at the NiCo-

LDH/LIG electrode is an adsorption-controlled process (Fig. 6B).

Figure 6. (A) CVs of a NiCo-LDH/LIG sensor at varied scan rates of 10 - 70 mV s-1 in 

0.1 M NaOH + 2 mM Glu. (B) The relationship between Ip (Ipa and Ipc) and the scan 



14

rate (ν).

Due to the great electrooxidation activity of NiCo-LDH/LIG towards Glu, a 

NiCo-LDH/LIG sensor for amperometric quantitation of Glu was successfully 

developed. In the recorded amperometric current-time (i-t) response of NiCo-

LDH/LIG by consecutively injecting different levels of Glu under the optimal 

detection conditions (Fig. 7A and 7B establish), one can notice that there is a fast 

current response and then a stable state after the injection of Glu, which prove that 

NiCo-LDH/LIG possesses an outstanding activity for Glu sensing. Furthermore, the 

amperometric signals possess positive linear relationships (Fig. 7C) with the level of 

Glu from 0.5 to 270 μM and from 0.27 to 3.6 mM. Their linear regression equations 

can be expressed as y (μA) = 0.689x (μM) + 0.001 (R2 = 0.994) and y (μA) = 0.266x 

(μM) + 102.627 (R2 = 0.997), with their corresponding sensitivities of 9.750 μA μM-1 

cm-2 and 3.760 μA μM-1 cm-2, respectively. The limit of detection (LOD) was 

estimated to be 0.05 μM with an error limit of 1.4% according to the formula 3σ/S. 

Besides, the response time of NiCo-LDH/LIG in Glu determination is recorded at 2 s 

(Fig. 7D). The electrochemical signal only declines just 6.78% even after running for 

200 s (Fig. 7E). Electrochemical sensing performance of a NiCo-LDH/LIG-based 

sensor is compared with other recently reported Glu sensors (Table 2), demonstrating 

that the NiCo-LDH/LIG-based sensor displays superior properties. Essentially, the 

prominent catalytic effect of the NiCo-LDH and the high electron conductivity and 

large electroactive surface area of LIG may account for the extraordinary 

electrocatalytic activity for Glu sensing in the NiCo-LDH/LIG-based sensor. 

Therefore, it seems hopeful for the future of NiCo-LDH/LIG in the construction of 

electrochemical Glu sensing platform that does not depend on enzymes.
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Figure 7.  (A,B) Chronoamperometric responses of the NiCo-LDH/LIG with 

increasing Glu concentration at 0.50 V. (C) The calibration curve of Glu concentration 

vs. amperometric signals. (D) Response time of NiCo-LDH/LIG electrode. (E) 

Amperometric response of NiCo-LDH/LIG by adding Glu in 0.1 M NaOH. (F) long-

term stability of NiCo-LDH/LIG every 3 days. (G) Reproducibility of seven randomly 

selected NiCo-LDH/LIG-based Glu sensors. (H) The amperometric i-t response on 

the NiCo-LDH/LIG electrode by the sequential addition of 1.0 mM Glu and 1.0 mM 

different potentially interfering substances. (I) The bar graph of comparison of the 

current signals with Glu and potentially interfering substances.

Table 2. Performance comparison of the NiCo-LDH/LIG sensor with other Glu 

sensors. 

Electrode
Sensitivity 

(μA μM-1 cm-

2)

Linear 
range (μM)

LOD
(μM)

Ref.

Cu2O/MXenes/activated carbon 0.430 4-28400 1.96 [39]
MnCO3/LIG/GCE 2.731 5-55 2.2 [40]

GS/NPG/PANI/Fe3O4@MIL-101-

NH2

61.183
0.5-25000 0.3 [41]

CoO nanowire/Ni foam 28.22 5-2525 0.5 [42]

MIL-88A@Ni10Fe Prussian Blue-50 1.963 5-1000 0.12 [43]
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Zn-MOF/MWCNTs 0.034 20-8140 3.7 [44]

NiCo/macroporous carbon/GCE
0.206

0.1-831.7
0.06

3
[45]

CuCoP@Cu(OH)2/GCE 8.351 1-2530 2.3 [46]

Au/CuO/SPCE 0.237 2-397 7.24 [47]

NiCu-MOF/GCE 1.832 20-4930 15 [48]

Cu-MOF/PtNPs/GE 0.158 400-25000 60 [49]

CuCo-MOF/CC 0.868 0.25-2374 0.27 [50]

Ni/Co(HHTP)MOF/CC 3.250 0.3-2312 0.1 [51]

FexCoyO4-rGO/SPCE 1.510 0.1-1906 0.07 [52]
NiCo-LDH/LIG 9.750

3.760
0.5-270

270-3600
0.05 This 

work
GCE: glassy carbon electrode; CC: carbon cloth; GE: gold electrode; SPCE: screen-
printed carbon electrode; GS/NPG/PANI: graphite sheet/ nitrogendoped 
functionalized graphene/polyaniline.

Several key attributes of the constructed Glu sensor have been evaluated, 

including its reproducibility, specificity, stability and repeatability. The long-term 

stability of a NiCo-LDH/LIG-based sensor was assessed by determining the response 

current value of 1 mM Glu at 0.50 V in 0.1 M NaOH. The electrochemical signals 

showed the outstanding stability with a reduction of 6.8% during the 21-day 

experiment (Fig. 7F). Thus, the NiCo-LDH/LIG-based sensor owns a preferable 

stability for Glu sensing. Meanwhile, seven independent NiCo-LDH/LIG electrodes 

were used to determine the electrochemical signals of 50 μM Glu under the same 

conditions. It has been found that the NiCo-LDH/LIG electrodes offered the relative 

standard deviation (RSD) of as low as of 1.6 %, indicating a reliable reproducibility of 

the NiCo-LDH/LIG electrodes. The repeatability of the same NiCo-LDH/LIG 

electrode was surveyed through determining 50 μM Glu for seven times constantly. 

The obtained RSD was 2.8% and it supplied a powerful proof that the NiCo-

LDH/LIG-based sensor exhibits an acceptable repeatability (Fig. 7G). 

One of the challenges in non-enzymatic Glu sensor is the electrochemical signal 

changes triggered by potentially interfering substances. In our case (Fig. 7H), 1 mM 

Glu and 1 mM various interfering substances including citric acid (CA), lactose (Lac), 

uric acid (UA), sucrose (Suc), ascorbic acid (AA), fructose (Fru), NaCl, dopamine 
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(DA), and Na2CO3 have been continuously added into 0.1 M NaOH solution, followed 

by the final injection of 1 mM Glu. There are no obvious electrochemical signal 

variations after the injection of 1 mM other species. Meanwhile, the current response 

of Glu is almost constant after adding other interferents (Fig. 7I). Thus, the NiCo-

LDH/LIG sensing platform possesses remarkable selectivity for Glu sensing to resist 

the interferences.

To assess the feasibility of the proposed NiCo-LDH/LIG sensor towards the Glu 

detection, a series of samples including coffee drinks, milk, milk tea, cola, orange 

juice, vitamin drinks, honey and human serum were selected as the actual samples. 

The amperometric response was recorded for successive additions of Glu standard 

solution, varying quantities of the actual samples, and standard Glu solution into 0.1 

M NaOH (Fig. 8). The real Glu content in these food and human serum samples was 

then determined and compared with that measured by means of the UV-Vis 

spectrophotometry (Table 3). There was no significant difference of the determined 

consequences, ratifying the excellent practicability of established Glu sensing 

platform. Moreover, the spiking and recovery experiment was carried out using the 

prepared sensor and the UV-Vis spectrophotometry. The results and the acceptable 

recovery rates (ranged from 96.3 % to 102.0 %) demonstrate that the established 

electrochemical sensing platform provides a reliable and precise approach for Glu 

determination in real food and human serum.

3.4. Practical applications
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Figure 8. Amperometric response of a NiCo-LDH/LIG toward sequential addition of 

50 μM Glu, 50 μL, and 100 μL various samples including honey (A), milk tea (B), 

milk (C), coffee drinks (D), vitamin drinks (E), orange juice (F), cola (G), and human 

serum (H), followed by injecting 50 μM Glu.

4. Conclusions

In summary, a laser-induced technique was used to prepare a porous laser-

induced graphene (LIG) electrode, on which high dense NiCo-LDH nanoflakes were 

electrodeposited. This NiCo-LDH/LIG electrode was then utilized for non-enzymatic 

glucose (Glu) sensing. It displays superior sensing performance toward Glu, mostly 

profiting from the cooperative effect of NiCo-LDH and LIG. The NiCo-LDH/LIG 

sensors maintained long-term stability, reproducibility and high selectivity for Glu 

sensing. Moreover, the NiCo-LDH/LIG sensors can be utilized for the detection of 

Glu in food samples and human serum with reliable accuracy, indicating the potential 

practical application. In a nutshell, the NiCo-LDH/LIG electrodes can provide a way 

of developing nonenzymatic electrochemical sensors to analyze the Glu in human 

serum and food samples.

Table 3. The measurement values of Glu through UV-Vis spectrophotometer and 

NiCo-LDH/LIG electrode in food and human serum samples.

Sample Added 
(mM)

NiCo-LDH/LIG By UV-Vis

Detected
(mM)

Recovery
(%)

RSD 
(%)

Detected
(mM)

Recovery
(%)

RSD
(%)

Coffee drinks 0 13.00 - - 13.06 - 1.6

50 60.36 96.0 0.6 61.52 97.6 2.7

75 85.32 97.0 0.9 86.78 98.5 1.3

Milk 0 8.37 - - 8.73 - 0.4

50 57.36 98.3 0.1 58.07 99.0 0.2

75 85.02 102.0 1.0 81.35 97.2 0.1

Milk tea 0 1.18 - - 1.18 - 1.8
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50 51.05 99.7 0.5 50.92 99.5 4.1

75 75.21 98.7 2.5 74.57 97.9 4.0

Cola 0 29.49 - - 29.11 - 3.8

50 79.87 100.5 0.4 78.59 99.4 3.2

75 100.58 96.3 1.9 103.51 99.4 4.4

Orange juice 0 17.37 - - 17.38 - 4.4

50 67.48 100.2 1.2 66.51 98.7 3.3

75 90.25 97.7 1.7 89.71 97.1 3.0

Vitamin drinks 0 11.87 - - 11.86 - 2.3

50 61.58 99.5 2.0 60.66 98.1 0.1

75 86.21 99.2 2.5 85.32 98.2 1.1

Honey 0 1.410 - - 1.43 - 0.1

50 50.35 98.0 0.5 51.00 99.2 3.7

75 76.17 99.7 0.7 75.58 98.9 2.8

Human serum 0 3.53 - - 3.50 - 0.9

50 53.25 99.5 0.3 51.89 97.0 3.3

75 77.24 98.4 0.6 76.35 97.3 4.3
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