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Abstract 

People with diabetes require regular blood sugar level monitoring, using commercial enzyme-

based biosensors. There is a considerable need to develop biosensors with non-enzymatic 

electrodes to eliminate the drawbacks of enzymes. Nanostructured nickel oxide (NiO) thin films 

are highly promising materials for the development of non-enzymatic glucose and hydrogen 

peroxide (H2O2) biosensors. Although the biosensor performance can be easily attained with 

non-enzymatic electrodes, their commercialization still requires development of cost effective 

and mass-production methods. In this work, we demonstrate the use of ultrasonic spray 

deposited, nanometer-thick, bare NiO and manganese and cobalt doped NiO (M:NiO (M: Mn 

and Co)) thin films on indium tin oxide (ITO) coated glass substrates for glucose sensing. 

Sensor characterization followed detailed materials characterisation. Co:NiO nanometer-thick 

film electrodes showed better glucose sensor performance than those of bare NiO and Mn:NiO 

electrodes. High sensitivity of 1.67 μA/μM⋅cm2, a low detection limit of 231 nM, and a fast 

response time of 5.4 s within the linear range of 16-308 μM was obtained from Co:NiO thin-

film electrodes. Amperometric measurements showed significant electrode reproducibility and 

stability. Co:NiO thin film electrode was also used to demonstrate actual clinical glucose 

measurements using human blood serum as a glucose source. Moreover, all fabricated 

nanometer-thick film electrodes were also utilized as H2O2 sensors. This work provides a novel 

approach for monitoring the biosensor performance using doped NiO thin-film electrodes. 

Obtained results demonstrated the potential of ultrasonic spray deposition method for the mass-

production of high-performance non-enzymatic thin film biosensors. 
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Introduction 

The demand for biosensors has increased in the last decade due to the worldwide increase in 

the number of diabetes patients. Diabetes is a chronic disease that increases the level of glucose 

in the blood. If left undiagnosed and untreated, it can be very dangerous for health and 

ultimately result in death 1. In this respect, accurate, reliable, periodic, and rapid detection of 

blood glucose levels is vital in diabetes. Conventional glucose biosensors require the use of 

enzymes; however, enzymatic glucose sensors have some limitations due to the intrinsic nature 

of enzymes, which can be easily affected by changes in pH, temperature, humidity, and the 

presence of other chemicals. In addition, they have high-cost and short-life due to the 

denaturation of enzymes 2–4. Over the past years, non-enzymatic glucose sensors with fast 

response and high accuracy have been developed to overcome these limitations. Amperometric 

detection of various analytes with enzymeless methods became possible with the use of 

electrocatalytic materials. Similar to glucose, excess hydrogen peroxide (H2O2) may lead to 

serious health problems as diabetes, cardiovascular disorders, cancer, and concerning 

neurodegenerative diseases. An accurate, rapid, and reliable method to detect H2O2 is also of 

great importance 5. Thus, it is necessary to develop non-enzymatic electrochemical sensors with 

high sensitivity, low cost, and high stability for both glucose and H2O2 detection.     

Although studies showed that emergent materials could show enough sensitivity to glucose, 

there is an increasing interest in the fabrication of low-cost electrodes using transition metals 

such as copper 6,7, nickel 8 and transition metal oxides such as copper oxide 9, titanium oxide 
10, nickel oxide 11,12,13, cobalt oxide 14 to construct non-enzymatic glucose biosensors. The 

properties of non-enzymatic sensors such as sensitivity, detection limit, response time, 

selectivity, and stability highly depend on the types and morphology of the materials 15–17. The 

performance of the non-enzymatic sensors may be increased using different nanostructures like 

Pt-Pb alloy 18, Pt-Au alloy 19, Pt/Au surface20, Ag-Pt core-shell NWs 21, Ni-Cu alloy 22, and Pt-

Ag/Cu alloy 23. Further, nanostructured materials typically show better analyte detection since 

they provide more surface area for reactions. Analyte selectivity is a crucial factor for 

biosensors because glucose coexists with lactic acid, urea, proteins, salts, etc. Traditionally, for 

the fabrication of biosensors, the prepared nanostructured materials are drop cast onto a 

conductive substrate with a binder. The electrical conductivity of the materials eventually 

decreases due to the loss of binder, introducing contact resistance 24. Poor adhesion of the 

materials to the substrate is another problem. Therefore, these techniques are not suitable for 

the efficient and cost-effective production of amperometric sensors. Alternatively, solution-

based deposition methods for functional thin films are cost-effective for the mass production of 

biosensor electrodes with high surface area and increased stability. 

In particular, Ni and Ni-based nanomaterials exhibit high electrocatalytic activity for glucose 

in the alkaline medium due to the Ni(OH)2/NiOOH redox couple, while glucose is directly 

oxidized to gluconolactone 25. Similar to glucose detection, NiOOH / Ni(OH)2 redox couples 

are demonstrated for H2O2 sensing when Ni-based nanomaterials are used as non-enzymatic 

active materials. There are numerous examples of Ni-based non-enzymatic glucose and H2O2 

sensors constructed by modifying the substrate with nickel nanoparticles, nickel–carbon 

hybrids, Ni–CNT composite, Ni–graphene composites, Ni(OH)2/C nanoparticles, LaNiO3 

nanooxide etc. 8,26–32,33,34. It has also been demonstrated that the sensor characteristics may 

simply be tuned via doping the electrochemically active thin films. Ding et al. fabricated a novel 

amperometric non-enzymatic glucose sensor based on Au doped NiO nanobelts 35. The hybrid 
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nanofiber modified electrode showed significantly lower initial potential, lower detection limit, 

higher sensitivity and broader linear range than the counterparts. This was due to increased 

electrocatalytic activity for the oxidation of glucose upon Au doping. Gao et al. synthesized 

tremella-like Mn-doped NiO nanomaterials (Mn:NiO) and utilized them for biomimetic glucose 

sensing in an alkaline medium 36. Mn-NiO-based sensors demonstrated high sensitivity, fast 

response time, low limit of detection, and long-term stability for glucose detection compared to 

NiO-based sensors. On the other hand, only a few studies discussed the use of bare NiO 

nanometer-thick films for glucose 37–41 and H2O2 
37,42,43 biosensors. Although the biosensor 

performance of doped NiO nanomaterials has been explored, to the best of our knowledge, 

doping of NiO thin films to enhance their sensing properties in glucose/H2O2 biosensors has 

not been studied to date. 

This work presents a direct deposition route to fabricate homogeneous and crack-free, bare and 

Mn and Co-doped NiO nanometer-thick films. The structural, morphological, chemical, optical 

and electrochemical properties of these thin films were comprehensively investigated. The 

fabricated thin-film electrodes were utilized as non-enzymatic amperometric glucose/H2O2 

biosensors. The sensitivity, limit of detection, response time, and linear range of the electrodes 

were determined. A large-area (15 cm x 15 cm) thin film was used to demonstrate the 

functionality of the ultrasonic spray deposition (USD) method for electrode preparation, which 

allowed the obtainment of more than 250 electrodes in a single deposition. Our study 

demonstrated that the USD method is a versatile technique for the deposition of uniform, 

reproducible, high-quality bare and Mn and Co-doped NiO thin-film electrodes for high-

performance biosensing applications. 

 

2. Experimental Details 

2.1.Materials 

Microscopic glass slides were purchased from ISOLAB. The ITO/glass substrates were 

purchased from Delta Technologies LTD. (sheet resistance of 51-52 Ω/square). Ethanol 

(absolute, ≥ 99.8%), hydrogen peroxide (H2O2, ≥ 34.5-36.5%), L-Ascorbic acid (ACS reagent, 

≥ 99.0%), D-(+)-glucose monohydrate (anhydrous, 97.5−102.0 %), DL-lactic acid (90%), 

oxalic acid dihydrate (ACS reagent, ≥ 99%), nickel nitrate hexahydrate (Ni(NO3)2.6H2O), 

cobalt nitrate hexahydrate (Co(NO3)2.6H2O) and manganese nitrate tetrahydrate 

(Mn(NO3)2.4H2O) were purchased from Sigma-Aldrich. Sodium hydroxide (pellets pure, ≥ 99 
%) was purchased from Merck. Deionized water (DI) (18.3 MΩ) was used in all steps. All 

chemicals were used without any purification. 

2.2.Deposition of thin films 

Microscopic glass slides and ITO/glass substrates were cut with different dimensions (i.e., 2 

cm × 2 cm, 0.8 cm × 2.5 cm, and 15 cm x 15 cm) and cleaned consecutively with acetone, 

ethanol, and DI water for 20 min each using an ultrasonic bath. Then, all substrates were dried 

under N2 flow. 

The aqueous precursor solution was obtained using nickel nitrate salt (Ni(NO3)2.6H2O). To 

fabricate 5 wt. % doped M:NiO thin films, specific amounts of different salts, Co(NO3)2.6H2O 

and Mn(NO3)2.4H2O were added to the precursor solution. Firstly, 1.454 g of (Ni(NO3)2.6H2O) 
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was dissolved in 100 ml of ethanol to prepare NiO salt solution, and it was directly used for 

NiO deposition. To prepare Mn and Co-doped NiO precursor solutions, 0.076 g of 

Mn(NO3)2.4H2O and 0.072 g of Co(NO3)2.6H2O were added into 100 ml of NiO salt solution, 

respectively. The precursor solutions were sprayed onto glass and ITO/glass substrates using a 

commercial USD system (Exacta Coat, Sono-Tek) using the ultrasonic Vortex nozzle (operated 

at 120 kHz), which produces stable and conical spray patterns onto pre-heated substrates (T = 

120 °C). The distance between samples and the spraying nozzle was 5.5 cm. The solution flow 

rate was set at 0.15 ml/min, and clean air was used as a carrier gas at 5 kPa. The ultrasonic 

nozzle was moved with a constant speed of 40 mm/s in x-y directions following an S-shaped 

pattern with a spacing of 2 mm. Following deposition, all films were annealed at 350 °C for 90 

min under ambient conditions. 

2.3. Characterization of Thin Films 

2.3.1. Structural characterizations 

The crystal structure of the deposited films was examined using Rigaku D/Max-2000 

diffractometer with Cu Kα radiation operating at 40 kV (at a wavelength of 0.154 nm) from 10° 

to 70 at a scan rate of 0.5/min. X-ray photoelectron spectroscopy (XPS) was used to examine 

the oxidation state of the elements present in the deposited films. XPS was conducted using a 

SPECS PHOIBOS hemispherical energy analyzer with a monochromatic Al Kα X-ray 

excitation source (14 kV, 350 W). The nominal binding energy (B.E.) of the C 1s signal at 284.8 

eV was used as a B.E. reference. A spectroscopic ellipsometer was used to determine the 

thickness of the thin films on a Woollam, M2000V instrument. Data were collected at three 

different angles of 55, 60, and 65° to improve fitting precision. 

2.3.2. Morphological and optical characterization 

Scanning electron microscopy (SEM) analyses were conducted to investigate the 

microstructure of the deposited thin films using an FEI Nova Nano FEG-SEM equipped with a 

dispersive energy X-ray (EDX) analyzer operated at 20 kV. A thin Au layer was sputtered onto 

the samples before SEM analysis. Atomic force microscopy (AFM) was used to monitor the 

surface morphology of the films via a Veeco MultiMode V AFM operated in tapping mode. 

UV-Visible light transmission of the nanometer-thick films was recorded within 200 - 1000 nm 

using a PG T80+ UV-Vis Spectrophotometer, where glass substrates were used as a 

background.  

2.3.3. Electrochemical characterization 

Electrochemical measurements were performed using a VMP-3 Biologic 

potentiostat/galvanostat. Cycling voltammetry measurements were conducted in a three-

electrode setup, where thin films were working electrodes (with dimensions of 0.8 cm x 1.5 

cm), Ag/AgCl (in saturated potassium chloride) was the reference, and Pt foil was the counter 

electrode. The potential range of CVs varied from -0.2 V to 0.8 V, and the scan rates were 5, 

10, 25, 50, and 75 mV/s in an 0.1 M aqueous sodium hydroxide (NaOH) electrolyte. The CVs 

were compared both in the absence and presence of glucose at a scan rate of 50 mV/s, where 1 

ml of 1 mM glucose was added into a 15 ml of 0.1 M NaOH electrolyte, where the final glucose 

concentration was 62.5 μM. Similarly, a three-electrode setup was built for the amperometric 

sensor measurements. Ag/AgCl was used as the reference electrode, a Pt wire was used as the 

counter electrode, and fabricated thin films were used as the working electrodes. Measurements 
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were conducted using a 0.1 M NaOH electrolyte, where pure nitrogen gas was purged into the 

electrolyte for a few minutes before measurements. During the glucose sensor measurements, 

25 μl of 1 and 10 mM aqueous glucose solution were added into a 15 ml electrolyte with equal 

time intervals under constant stirring (500 rpm), and +0.65 V vs. Ag/AgCl was applied. Similar 

to the glucose sensor measurements, H2O2 sensor measurements were conducted using the same 

3-electrode configuration. 25 μl of 1 and 10 mM H2O2 solution were added into 15 ml 

electrolyte at an applied potential of +0.65 V vs. Ag/AgCl. Electrochemical impedance 

spectroscopy (EIS) measurements were performed with a 5 mV amplitude in the 1 MHz – 0.1 

Hz frequency range. Before EIS measurements, the thin film electrodes were stabilized at an 

applied potential of 0 V (vs. Ag/AgCl) for 60 s. In order to determine the electrochemically 

active surface area (ECSA) of the fabricated electrodes, CV measurements were conducted in 

0.2 M KCl solution containing 10 mM K4[Fe(CN)6] with different scan rates from 200 mV/s to 

10 mV/s within the potential range of 0 - 0.6 V. In all measurements, the geometric area of the 

electrodes dipped into the electrolyte was fixed to ca. 0.1 cm2. 

2.3.4.Blood serum process 

Blood samples were collected into vacuum-sealed centrifuge tubes in Middle East Technical 

University Medical Centre. Once the blood collection tubes were filled, they were centrifuged 

at 5000 rpm for 5 min. Then, blood serum was collected and used as a glucose source for 

amperometric measurements. Amperometric detection of glucose in human serum was 

followed in a three-electrode setup, where thin films were working electrodes, Ag/AgCl (in 

saturated potassium chloride) was the reference, and Pt foil was the counter electrode. 

Measurements were conducted in 0.1 M KOH electrolyte at an applied potential of +0.65 V vs. 

Ag/AgCl under continuous stirring, and 25 μl of human serum was introduced to electrolyte 

with stepwise addition. Commercial OPTIMA Blood Glucose Meter (Model: OK-10) with strip 

electrodes (OK Biotech Co., Ltd.) was also used to measure the blood glucose level in 

comparison. 

3. Results and Discussions 

The average thicknesses of bare NiO and M:NiO thin films were determined as 140 ± 5 nm via 

ellipsometry. All films were found to have the same thickness due to the same deposition and 

annealing conditions. The fitting curves of all thin films and fitting parameters of ellipsometry 

are provided in Fig. S1 and Table S1, respectively. The Cauch model was followed to 

determine the thickness of the thin films. 

XRD was conducted to reveal the phases and crystallographic information of fabricated bare 

and doped thin films. XRD patterns of the bare NiO, Mn:NiO, and Co:NiO thin films, provided 

in Fig. 1a, showed that all thin films had a cubic structure of NiO (PDF 00-047-1049). XRD 

patterns of both bare NiO and doped thin films had distinct diffraction peaks at 2θ values of 
37.3°, 43.3° and 62.9° indexed to (111), (200) and (220) planes of cubic NiO structure, 

respectively. No other peaks for both cobalt oxide and manganese oxide or intermetallics or 

other impurities were detected, indicating that doping did not change the original cubic NiO 

structure. On the other hand, no detectable shifts were observed for diffraction peaks of Co:NiO 

and Mn:NiO thin films compared to bare NiO thin film. In addition, upon doping with Mn and 

Co, the XRD profile showed a slight increase in the full-width half-maximum (FWHM) value 

of the thin films. The ionic radii of Ni+2, Mn+2, Mn+3 and Mn+4 are 0.69 , 0.67 , 0.58  and 0.53 Å, 

respectively 44. Due to the smaller ionic radius of Mn ions compared to Ni ion, the substitutional 
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doping of Mn ion is possible on the Ni ion site. This is also in excellent harmony with the 

currently reported Mn:NiO studies 45–47. Similarly, the ionic radii of Co2+ is 0.65 Å 48, smaller 

than Ni+2, which proves substitutional doping 49–51. 

The average crystallite sizes, microstrain, and dislocation density values calculated for (111) 

plane from the XRD profiles are provided in Table S2. The average crystallite sizes (D) were 

found to be 35.4, 33.5, and 30.7 nm for bare NiO, Mn:NiO and Co:NiO, respectively, which 

were calculated using the Scherrer’s equation (𝐷 = 0.94𝜆/𝛽 𝑐𝑜𝑠𝜃). Herein, 𝜆 refers to the 

wavelength of the X-ray, 𝛽 is the FWHM, and 𝜃 is the Bragg angle. The crystallite size of 

Mn:NiO and Co:NiO thin films were observed to be smaller than that of bare NiO thin films. 

Mn and Co atoms might act as obstacles and prevent the growth of crystallites due to the lattice 

strain in M:NiO thin films. The microstrain (ε) and dislocation density (δ) were calculated using 

relations ε = β /(4tanθ) 52 and 𝛿 = 1/𝐷2 53, respectively. Compared to the bare NiO thin 

films, the dislocation density increases with a reduction in particle size for M:NiO thin films. 

Since the microstrain generally is at the same trend with dislocation density, it increased as the 

crystallite size decreased.  

X-ray photoelectron spectroscopy (XPS) measurements were conducted to reveal the chemical 

states of the fabricated bare NiO and doped thin films. Figs. 1(b-f) show the high-resolution 

XPS spectra of the Ni 2p and O 1s. The deconvoluted Ni 2p spectra for all thin films, given in 

Fig. 1b, showed distinctive multiplet-split signals for 2p3/2 and 2p1/2 with their corresponding 

shake-up satellites. The spin-orbit coupling for 2p3/2 and 2p1/2 domains correspond to binding 

energy values in the range of 850-869 eV and 870-885 eV, respectively. There are Satellite 1, 

Satellite 2 and main peak for 2p3/2, and Satellite 3 and main peak for 2p1/2. The Ni 2p3/2 for bare 

NiO thin film is centered at 853.6 eV, whereas those for Co and Mn doped NiO thin films are 

853.7 and 853.9 eV, respectively. Similarly, the Ni 2p1/2 for bare NiO thin film is centered at 

870.7 eV, whereas those for Co and Mn-doped NiO thin films are at 870.8 and 871.0 eV, 

respectively. As provided in Fig. 1c, there are slight shifts to higher binding energy levels. Ni 

2p3/2 peaks shifted by 0.1 eV for Co:NiO and 0.3 eV for Mn:NiO, which is attributed to the 

partial substitution of Ni sites in the crystal structure to the dopant atoms. This substitution 

results in a decrease in the electron density and an increase in the force on electrons by the 

nucleus. As a result, Ni 2p spectra with doping shift to higher binding energy values compared 

to that of bare NiO. In addition to Ni2+ signals, the shoulders occurred at 855.3, 855.6 and 855.7 

eV belong to bare NiO, Co:NiO and Mn:NiO, respectively, due to the presence of a small 

quantity of Ni3+ on the surface as in the form of Ni2O3. The deconvoluted spectra of O 1s is 

provided in Fig. 1b and the peak positions are tabulated and provided in Table S3. In all cases, 

four peaks correspond to lattice oxygen in the form of Ni-O octahedral bonding (Ni2+), lattice 

oxygen due to the presence of Ni2O3 compound (Ni3+), surface hydroxyl groups (–OH) and 

absorbed molecular oxygen present in deposited thin films. Similar to Ni 2p, there are shifts in 

the peak positions of lattice oxygen (Ni2+) to higher binding energy values, revealing the 

electron configuration change. When XPS survey spectra of the bare NiO thin film was 

examined between the binding energy values of 660-630 eV and 805-775 eV (corresponding to 

Mn 2p and Co 2p, respectively) the signal levels was found to be at the background level 

(compared to the signal levels obtained for Mn:NiO and Co:NiO thin films (Figs. S2 (a) and 

(b))). In addition to Ni 2p and O 1s spectra, deconvoluted XPS spectra of dopant elements (Mn, 

Co) are provided in Fig. S2 (c) and (d), respectively. As XRD implies that there are no 

additional phases and dopant atoms placed in the positions of substitutional Ni sites, the XPS 
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spectra revealed that the surface of the Mn:NiO, and Co:NiO thin films composed of mixed 

valence compounds, which possessed a composition containing Co2+  at 779.8 eV with satellite 

peak at 783.4 eV for Co:NiO 54 and Mn2+ at 637.1 eV, Mn3+ at 640.8 eV and Mn4+ at 643.6 eV 

for Mn:NiO 55. 

SEM and AFM analyses revealed the surface morphology of the deposited bare NiO and doped 

thin films (Fig.2). SEM image in Fig. 2a showed that bare NiO thin film has a relatively smooth 

surface. This smooth surface has a low root mean square (RMS) roughness value as provided 

in corresponding 3D AFM maps in Fig. 2d. Nanosized, spherical particles started to appear 

following the addition of Mn and Co dopant atoms, as shown in Fig. 2b and 2c, respectively. 

No significant cracks were seen for the thin films. Observations of ordered nanostructures in 

SEM images are consistent with the XRD results (Fig. 1a). 3D AFM profiles for bare NiO, 

Co:NiO and Mn:NiO thin films are provided in Figs. 2d, 2e and 2f, respectively. The RMS 

roughness values for the bare NiO, Mn:NiO, and Co:NiO thin films are determined as 1.4 nm, 

16.4 nm, and 10.1 nm, respectively. RMS roughness values of the doped films were found to 

be higher than that of the bare NiO thin film. In addition to the SEM and AFM analyses, energy 

dispersive X-ray analysis (EDX) was conducted for further analysis of bare NiO and doped thin 

film electrodes. EDX results tabulated in Table S4, revealed that bare NiO, Mn:NiO, and 

Co:NiO thin films contain similar Ni (wt. %) content. In addition, Mn:NiO and Co:NiO thin 

films have 5.82 wt.% of Mn and 5.59 wt.% of Co, respectively. 

The optical transmittance of bare NiO and doped thin films within a wavelength range of 300 

to 1000 nm is shown in Fig. 3a. All fabricated films exhibited high transmittance values above 

500 nm wavelength, with average transmittance values lying between 70 % and 95 %. Yet, low 

optical transmittance was seen near the UV region (300-400 nm) due to the strong absorption 

behavior of thin films. Upon doping, the transmission of the Co:NiO and Mn:NiO thin films 

decreased in the visible region compared to the bare NiO thin film. The decrease in 

transmittance for doped thin films may be attributed to the changes in their surface morphology 
56. These findings are in good agreement with the transmittance results for doped NiO thin films 

in the literature 57,58. 

XPS results suggested that the electronic structure of NiO thin films was altered with Co and 

Mn doping. To confirm the change in electronic structure, one can compare the optical 

bandgaps of the NiO, Co:NiO, and Mn:NiO thin films. In this regard, the optical bandgap values 

of all fabricated films were determined via UV-Vis measurements using Tauc’s relation,  𝛼ℎ𝜈 = 𝐴(ℎ𝜈 − 𝐸𝑔)𝑚 

, where  is the absorption coefficient obtained from Lambert formula, h is the incident photon 

energy, A is the characteristic constant independent of photon energy, Eg is the optical band 

gap, and m is an index that can have different values such as 1 2⁄ , 3 2⁄ , 2 or 3 depending on the 

nature of the electronic transitions. Plot showing the variation of (h)2 versus h for bare NiO, 

Mn:NiO, and Co:NiO films are provided in Fig. 3b. Eg values of the films were estimated 

through extrapolating the linear portion of the plots. Bandgap values of 3.74, 3.55, and 3.52 eV 

were obtained for bare NiO, Mn:NiO, and Co:NiO films, respectively. The reduction in the 

bandgap due to Mn and Co doping in NiO film may be due to the formation of some additional 

energy levels in the NiO near the valence band edge, resulting in a reduction of the energy 

associated with the transition from the valence band to the conduction band 59. Moreover, it is 

https://www.sciencedirect.com/topics/engineering/valence-band
https://www.sciencedirect.com/topics/engineering/conduction-band
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related to the structural modifications of NiO upon doping. Previous studies have also reported 

a decrease in the optical band gap of NiO upon doping 60–62. 

The cyclic voltammetry (CV) measurements were conducted to reveal electrocatalytic 

behaviors of NiO and M:NiO (M = Co, Mn) thin-film electrodes. Figs. 4(a-c) show the CV 

curves of NiO, Co:NiO, and Mn:NiO thin-film electrodes within the potential range of -0.2 V 

to 0.8 V in 0.1 M NaOH electrolyte. The scan rates were increased from 5 to 75 mV/s. In each 

measurement, redox peaks were found to occur between Ni2+ and Ni3+ according to the 

following reversible reaction: 

NiO + OH- ⇄ NiO(OH) + e- 

Insets of Figs. 4(a-c) showed linear relations between both anodic and cathodic peak currents 

with the square root of scan rates. These results indicated that the redox reaction is a diffusion-

controlled electrochemical process, where the diffusion of glucose dominates the 

electrocatalytic reaction. Figs. 4(d-f) show the CV comparison of NiO, Co:NiO, and Mn:NiO 

thin film in the absence and presence of the glucose to investigate the electrocatalytic activity 

of the thin films towards glucose. The reactions in the presence of the glucose in the electrolyte 

are as follows 63: 

NiO + OH- ⇄ NiO(OH) + e- 

NiO(OH) + Glucose ⇄ NiO + H2O2 + Gluconolactone 

During the CV measurements, Ni2+ oxidized to Ni3+ due to aqueous electrolyte, and Ni3+ acted 

as catalyst for glucose. Glucose was oxidized by reducing Ni3+ to Ni2+. Upon the formation of 

gluconolactone, it was rapidly converted into gluconic acid, which reacted with water molecules 

to form hydronium ions (H+). Upon adding glucose into the electrolyte, there occurred 

significant enhancements in both anodic and cathodic peak current values and slight shifts 

towards more positive glucose oxidation potentials. Initially, there was a dynamic balance in 

Ni3+, Ni2+ and hydroxyl ions at the anodic peak potential. Then, a new balance occurred at the 

electrode and electrolyte interface with the reaction between Ni2+ and hydroxyl ions as Ni3+ was 

consumed by glucose. a more anodic potential was required to form Ni3+, due to the presence 

of hydroxyl concentration polarization 64. In Figs. 4 (d-f), the oxidation of Ni2+ occurs at ca. 

0.65 V vs. Ag/AgCl both in the absence and presence of glucose for all thin-film electrodes. 

Therefore, amperometric biosensor measurements, for both glucose and H2O2 sensors, were 

conducted at an applied potential of 0.65 V vs. Ag/AgCl.       

Electrochemical impedance spectroscopy (EIS) was conducted to reveal the performance of the 

thin-film electrodes. The Nyquist plots of NiO, Co:NiO, and Mn:NiO thin-film electrodes are 

provided in Fig. S3. Within the high-frequency region, they had similar bulk electrolyte 

resistance and resistance of the electrodes 65. On the other hand, within the low-frequency 

region, the presence of the non-vertical lines was assigned to ion transport limitation in the bulk 

electrolyte to electrode surface 65. Therefore, electrochemical measurements using NiO, 

Co:NiO, and Mn:NiO thin films were diffusion-limited. 

Electrochemical active surface area (ECSA) of the thin film electrodes were calculated using 

Randles-Sevcik equation:  𝑖p = 2.686 ×105×𝑛3/2×𝐴×𝐷1/2×𝐶×𝜗1/2 
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, where 𝑖 is the peak current (A), n is the number of electrons transferred, A is the electrode 

area (cm2), D is the diffusion coefficient (cm2/s) (6.5 x 10-6 cm2/s for K4[Fe(CN)6]) (Electrolyte: 

0.2 M KCl solution containing 10 mM K4[Fe(CN)6]), C the concentration (mol/cm3) and 𝜗 is 

the scan rate (V/s). From the Fig. S4a, increase in the area of the CV curve at 50 mV/s scan 

rate indicates that the doping elements, both Co and Mn, enhance the electroactive surface area. 

From the slope of the peak current vs square root of scan rate graph shown in Fig. S4b 

calculated ECSA values according to the Randles-Sevcik equation were 0.1094 cm2 for NiO, 

0.1223 cm2 for Co:NiO, and 0.1214 cm2 for Mn:NiO thin films. This highlighted the 

improvement of sensor response with the increase in ECSA, thanks to Co and Mn doping 

elements.  

Non-enzymatic glucose sensor measurements were conducted using bare and doped NiO thin 

film electrodes using constant potential chronoamperometric detection. It was previously 

reported that doping NiO with transition metals changes the electronic structure of the NiO and 

enhance its electrocatalytic activity due to the formation of non-stoichiometric compounds 66–

68. Fig. 5 shows the schematic illustration of the reactions that occur during amperometric 

glucose sensing, where reactions were explained in detail for CV measurements. Fig. 6a shows 

the amperometric current responses of the NiO, Co:NiO, and Mn:NiO thin-film electrodes to 

the successive addition of glucose solution at a regular time interval of 100 s. Within the 

provided concentration range, all thin films started from a similar initial current. Then, upon 

the addition of glucose solution to electrolyte medium, they gave a stepwise response to the 

glucose with different current changes. It is obvious in Fig. 6a that the current response obtained 

using NiO thin film is smaller than those with Co:NiO and Mn:NiO thin films. To compare the 

actual performance of the sensors, in Fig. 6b, calibration plots obtained from amperometric 

current response of the thin film sensors were linearly fitted. The linear regression equations 

for NiO, Co:NiO and Mn:NiO thin-film sensors were determined j(μA/cm2) = 

4.55+0.44×[Glucose]/μM (with correlation coefficient of R2 = 0.9986), j(μA/cm2) = 

3.63+1.67×[Glucose]/μM (R2 = 0.9998) and j(μA/cm2) = 5.44+1.23×[Glucose]/μM (R2 = 

0.9994), respectively. The sensitivities of the sensors, obtained from the slopes of the regression 

equations were 0.44 μA/μM⋅cm2 for NiO, 1.67 μA/μM⋅cm2 for Co:NiO, and 1.23 μA/μM⋅cm2 

for Mn:NiO thin-film sensors. The limit of detection (LOD) was calculated based on 3×S/N, 

where S was the standard deviation of fitting and N was the slope of the fitting line. LOD values 

were 623 nM, 231 nM and 404 nM for NiO, Co:NiO, and Mn:NiO thin film sensors, 

respectively. The response time of the fabricated thin-film sensors was determined as 8.3 s, 5.4 

s, and 6.4 s using 90% of the initial step change in the current and the response times for NiO, 

Co:NiO, and Mn:NiO thin film sensors, respectively. NiO-based amperometric glucose sensors 

reported in literature are compared to the fabricated NiO, Co:NiO, and Mn:NiO thin film 

sensors in this work in Table 1. Considering the amperometric thin-film sensor results, best 

performance was obtained from Co:NiO thin films compared to NiO and Mn:NiO thin films in 

terms of sensitivity, LOD, and response time. The enhanced glucose sensing performance was 

achieved by doping with Mn and Co because the doping altered the electronic structure of the 

NiO thin films. This led to an increase in the electrocatalytic performance on glucose. 

A large-area Co:NiO thin film (15 cm × 15 cm), as shown in Fig. S5, was deposited and cut 

into sensor electrodes. Amperometric measurements were conducted using randomly selected 

five different Co:NiO thin-film electrodes at an applied potential of 0.65 V (vs. Ag/AgCl) upon 

successive addition of 1 mM glucose. Fig. 6d shows the reproducibility of the electrodes with 
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bar charts corresponding to the amperometric current responses of each electrode, where similar 

current responses were obtained. The stability of Co:NiO thin film electrode was also studied 

with five successive amperometric measurements on a single electrode. Fig. 6e shows the 

current response achieved at each step for the five different measurements. After over 10000 s 

of measurement, the response current to the addition of 25 μl of 1 mM glucose solution at an 

applied potential of 0.65 V (vs. Ag/AgCl) only decreased by 5 %, which proved the long term 

stability of the Co:NiO thin-film electrode (Fig. S6 (a)). In addition, the photographs of Co:NiO 

thin-film electrode before and after amperometric long term stability test are shown in Fig. S6 

(b). Only minor deviations between each measurement were observed. Glucose sensor 

utilization in practical applications for daily use and clinical analysis was demonstrated using 

human blood serum. The amperometric measurement with Co:NiO thin-film electrode was 

conducted by adding 25 μl of blood serum samples to 0.1 M NaOH electrolyte under 0.65V (vs. 

Ag/AgCl), as provided in Fig. 6f. The glucose concentration in human blood serum was derived 

as 143 mg/dl using the linear regression equation for Co:NiO thin-film sensor in Figure 3b. The 

glucose concentration in the human body was measured as 158 mg/dl with a commercial sensor  

(Fig. S7 shows a photo of the commercial sensor and strip showing the recorded measurement), 

and the Co:NiO thin-film electrode showed 90.1 % accuracy. These and other results obtained 

in this work demonstrated that the Co:NiO thin-film electrodes, fabricated through the USD 

method, can be utilized to mass-produce non-enzymatic glucose biosensors. 

H2O2 biosensors were fabricated to demonstrate the enhanced multifunctional biosensor 

properties of nanometer-thick NiO electrodes with doping. H2O2 is a byproduct of many 

enzymatic reactions such as oxidation of glucose, alcohol, cholesterol and lactate through the 

methabolic patways. In addition, H2O2 is widely present in the food, textile and pharmaceutical 

industries. Therefore, detection of H2O2 plays an essential role in health monitoring and quality 

control in various fields69. Bare and doped NiO thin-film electrodes were also utilized as non-

enzymatic H2O2 sensors. The amperometric responses of the electrodes were measured in 0.1 

M NaOH electrolyte by the successive addition of H2O2. The electrodes were subjected to a 

constant applied potential of 0.65 V (vs. Ag/AgCl) during the measurements. Under the applied 

potential, the electrochemical reactions that take place on the NiO surface is provided as below 
48: 

NiO + OH- → NiOOH + e- 

NiOOH + H2O2 → 2NiO + 2H2O + O2 

Fig. 7a shows the amperometric current responses of the NiO, Co:NiO, and Mn:NiO thin-film 

electrodes for the addition of 25 μl of 1 mM H2O2. For all electrodes, a sharp increase in the 

current response was observed upon the addition of H2O2. Starting from a similar initial current, 

each electrode gave a different current response upon H2O2 addition. In Fig. 7a, it is shown that 

NiO thin film electrode gave the weakest current response than Co:NiO and Mn:NiO thin film 

electrodes, with Mn:NiO thin film showing the strongest current response. Corresponding 

calibration plots were linearly fitted to characterize further and compare the thin film electrodes, 

as shown in Fig. 7b. The linear regression equations for NiO, Co:NiO and Mn:NiO thin-film 

sensors were determined as j(μA/cm2) = 0.012+0.007×[ H2O2]/μM (R2 = 0.9967), j(μA/cm2) = 

0.013+0.011×[H2O2]/μM (R2 = 0.9975) and j(μA/cm2) = 0.012+0.012×[H2O2]/μM (R2 = 

0.9964), respectively. Sensitivities of the sensors, obtained from the slope of the regression 

equations were 0.007 μA/μM⋅cm2 for NiO, 0.011 μA/μM⋅cm2 for Co:NiO, and 0.012 
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μA/μM⋅cm2 for Mn:NiO thin-film electrodes. In addition, LOD (S/N=3) values were 635 nM, 

558 nM and 664 nM for NiO, Co:NiO, and Mn:NiO thin-film sensors, respectively. The 

response times of the fabricated sensors (according to the 90% of the initial step change in the 

current response) were 4.7 s, 2.9 s, and 2.4 s for NiO, Co:NiO, and Mn:NiO thin-film sensors, 

respectively. Considering the performance of the sensors in terms of their sensitivities, LODs, 

and response times, both Co:NiO and Mn:NiO thin-film sensors showed higher performance 

than bare NiO thin-film sensors. The improved sensor performance with doping was again 

attributed to the change in the electronic structure of NiO. A performance comparison table for 

the fabricated NiO, Co:NiO, and Mn:NiO thin-film sensors to those H2O2 biosensor studies in 

the literature is prepared and provided as Table 2. Amperometric measurements were also 

conducted with 10 mM of H2O2 addition, results of which are provided in the inset of Fig. 7c. 

Higher current values were obtained for all thin-film electrodes upon using a higher 

concentration of H2O2 solution, since there were more ions in the electrolyte. Calibration plots, 

shown in Fig. 7c, based on the amperometric measurements of NiO, Co:NiO, and Mn:NiO thin-

film electrodes, showed wider linear ranges obtained through the use of high concentration 

H2O2 solution. The linear range was 16-415 μM for NiO, 16-307 μM for Co:NiO, and 16-276 

μM for Mn:NiO. For all electrodes, a linear behavior was observed on the calibration plots. 

However, a decrease in the signal-to-noise ratio drastically affected the quality of the sensor 

response as the concentration of the H2O2 in the electrolyte increased. Similar to the glucose-

sensing, there was an improved electrocatalytic performance towards H2O2 detection due to the 

altered electronic structure of NiO by doping with Co and Mn. To determine the selectivity of 

the Co:NiO thin-film electrode against different interferences, various analytes were introduced 

during the amperometric measurements, as shown in Fig. 7d. Measurements were conducted 

in 0.1 M NaOH with an applied potential of 0.65 V (vs. Ag/AgCl). The highest response was 

achieved upon the addition of 10 mM H2O2, following that the electrode provided a significant 

response to the addition of 10 mM glucose. In addition to that, current density values slightly 

increased upon adding 10 mM urea and 10 mM ascorbic acid. Nevertheless, distinguishable 

current responses were recorded for H2O2 (Δj: 3.69 μA/cm2) and glucose (Δj: 1.39 μA/cm2) as 

the height difference between steps toward introduction of H2O2 and glucose. On the other hand, 

the thin film sensor did not respond to adding 10 mM lactic acid and 10 mM oxalic acid. Distinct 

current responses toward each analyte indicated the efficient analyte selectivity of the Co:NiO 

thin film electrode. 

4. Conclusions 

This work covered the deposition of bare NiO and M:NiO (Co, Mn) nanometer-thick thin films 

onto ITO/glass substrates through the USD method. The XPS results revealed that electronic 

structure of NiO was altered through doping with Co and Mn, which resulted in improved 

electrocatalytic activity. The functional thin films were utilized as high-performance non-

enzymatic both glucose and as well as H2O2 biosensor electrodes. Co:NiO nanometer-thick  

film electrodes showed higher glucose sensor performance than both bare NiO and Mn:NiO 

electrodes regarding sensitivity, LOD, and response time. The non-enzymatic glucose sensor 

with Co:NiO thin-film electrodes showed promising analyte selectivity using various 

interferences. The amperometric performance of randomly selected electrodes that were 

fabricated through large-area deposition (15 cm x 15 cm) and cut into small electrodes showed 

coherent reproducibility. Due to the enhancement of the electrocatalytic performance of NiO 

with doping, non-enzymatic H2O2 biosensors were also fabricated and performances of thin-
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film electrodes with bare and doped NiO were determined. It was demonstrated that the 

performance of H2O2 sensors with doping was also enhanced. All in all, high-performance non-

enzymatic nanometer-thick film biosensors hold great potential to replace commercial sensors, 

which necessitates an enzyme and suffer from enzyme denaturation. The USD is an excellent 

method for the large-scale fabrication of thin-film electrodes with good reproducibility in a 

cost-effective manner under ambient conditions. The doped nanometer-thick film sensors 

reported in this work are highly promising to be effectively used in actual clinical and daily 

monitoring applications. 
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Figures 

 

Fig. 1. (a) XRD patterns of ITO, NiO, Co:NiO and Mn:NiO thin films, (b) XPS spectra of Ni 

2p, (c) enlarged spectra of Ni 2p3/2 and deconvoluted high-resolution XPS spectra of O 1s for 

(d) NiO, (e) Co:NiO, and (f) Mn:NiO thin films. 
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Fig. 2. SEM images of deposited (a) NiO, (b) Co:NiO, and (c) Mn:NiO thin films and the 3D 

AFM maps for (d) NiO, (e) Co:NiO, and (f) Mn:NiO thin films. 
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Fig. 3. (a) Transmittance spectra for bare NiO and M:NiO (Mn, Co) thin films. (Inset shows the 

photos of thin films on METU logo). (b) Tauc plots obtained from UV-VIS measurements for 

NiO and M:NiO (Mn, Co) thin films (Inset shows the bandgap values of thin films). 
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Fig. 4. CVs of (a) NiO, (b) Co:NiO, and (c) Mn:NiO thin films with different scan rates in 0.1 

M NaOH (Insets show linear fittings of the anodic and cathodic peak currents vs. square root 

of scan rates). CV comparison of (d) NiO, (e) Co:NiO, and (f) Mn:NiO thin films in the absence 

and presence of glucose at a scan rate of 50 mV/s. 
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Fig. 5. Schematic illustration of the reactions occuring during amperometric glucose sensing. 
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Fig. 6. (a) Amperometric current response of NiO, Co:NiO, and Mn:NiO thin film electrodes 

upon successive 1 mM glucose additions, (b) their linear calibration plots for current response 

vs. glucose concentration, (c) Calibration plots of NiO, Co:NiO, and Mn:NiO thin film 

electrodes upon successive 10 mM glucose addition (inset shows amperometric current 

response). (d) Amperometric current response of 5 different Co:NiO thin film electrodes upon 

successive 1 mM glucose addition. (e) 5 amperometric current response measurements on a 

Co:NiO thin film electrode upon successive 1 mM glucose addition and (f) amperometric 

response of Co:NiO thin film electrode upon addition of human serum. (0.65 V vs. Ag/AgCl 

was applied in all measurements.) 
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Fig. 7. (a) Amperometric current response of NiO, Co:NiO, and Mn:NiO thin film electrodes 

upon successive 1 mM H2O2 additions, (b) their linear calibration plots for current response vs. 

H2O2 concentration. (c) Calibration plots of NiO, Co:NiO, and Mn:NiO thin film electrodes 

upon successive 10 mM H2O2 addition (inset shows amperometric current response) and (d) 

amperometric current response of Co:NiO thin film electrodes upon addition of different 

analytes. (0.65 V vs. Ag/AgCl was applied in all measurements.) 
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Tables 

 

Table 1. Performance comparison of amperometric glucose biosensors. (- means data is not 

provided). 

Electrode Sensitivity 

(μA/μM⋅ cm-2) 

LOD 

(nM) 

Response 

Time (s) 

Linear Range 

(μM) 
NiO thin film* 0.44 623 8.3 16-507 

Co:NiO thin film* 1.67 231 5.4 16-308 

Mn:NiO thin film* 1.23 404 6.4 16-293 

NiO HM/GCE 70 2.39 530 3 1.67-6870 

NiO/MWCNTs 71 1.77 2000 <5 10-7000 

NiO/NCS/GCE 72 0.40 250 - 1-800 

NiO NPs-NSs/GCE 73 1.14 180 - 1-400 

NiO-TiO2/GCE 74 0.025 700 - 2-2000 

NiO nanosheets/gold 75 1.62 2500 - 250-3750 

NiO/SCCNTs 40 1.25 100 <2 2-2200 

NiO-Au NBs/GCE 35 0.05 1320 - 0-4550 

Mn:NiO/GCE 36 3.21 800 <5 2-670 

Porous NiO thin film 39 1.68 340 <4 0-1000 

NiO thin film 38 0.10 1050 5 1380-16660 
*This work.  

 

 

Table 2. Performance comparison of amperometric H2O2 biosensors. (- means data is not 

provided). 

Electrode Sensitivity 

(μA/μM⋅ cm-2) 

LOD 

(nM) 

Response 

Time (s) 

Linear Range 

(μM) 
NiO thin film* 0.007 635 4.7 16-415 

Co:NiO thin film* 0.011 558 2.9 16-307 

Mn:NiO thin film* 0.012 664 2.4 16-276 

NiO Nanosheets on 3D 

Carbon Foam 76 

0.023 13 - 200-3750 

Porous Carbon-NiO 77 0.107 1.5 - 0.01-3.9 

NiO 78 - 5400 - 10-570 

NiO/Graphene 79 0.591 766 ~5 250-4750 

NiO Nanosheet on Graphite 
80 

1.077 400 - Upto 4000  

NiO thin film 81 2.3 1280000 10 10-1000 
*This work.  
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