Applied Physics A (2021) 127:101
https://doi.org/10.1007/500339-020-04258-y

Applied Physics A

Materials Science & Processing

=

Check for
updates

Facile synthesis of CuO nanostructures for non-enzymatic glucose

sensor by modified SILAR method

A.S.Patil'® . R.T. Patil? - G. M. Lohar? - Vijay J. Fulari?

Received: 21 July 2020 / Accepted: 26 December 2020 / Published online: 13 January 2021
© The Author(s), under exclusive licence to Springer-Verlag GmbH, DE part of Springer Nature 2021

Abstract

The authors developed CuO nanorice, using a modified SILAR method for non-enzymatic glucose sensing. The copper
oxide was deposited onto the substrate of stainless steel and distinguished by various characterization techniques. A mono-
clinic structure that is substantially functional for enzyme less glucose sensors have been deposited with polycrystalline
CuO. The rice-like morphology of CuO confirms FE-SEM. The electrochemical efficiency of CuO electrodes is calculated
by the adoption of cyclic voltammetry (CV) and chronoamperometry (CA) in a 0.1 M NaOH solution with a potential
of +0.6 V (vs. Ag/AgCl). This sensor offers a linear response from 0 to 3 mM to glucose concentration and has a sensitivity

of 1017 pAmM ™' cm™2.

Keywords Copper oxide - m-SILAR - Non-enzymatic glucose sensor - Cyclic voltammetry - Chronoamperometry

1 Introduction

Glucose detection is essential for the modern era as well
as it is an important task in modern human life. It includes
the food industry, pharmaceutical industry, environmental
monitoring. According to the clinical field, the development
of glucose sensors is paying great attention [1]. The usual
range of glucose concentration in human blood is 4-8 mM.
If it exceeds, the patient experiences diabetes mellitus. Also,
they experience severe impediments like blindness, heart,
and kidney failure [2, 3]. For the monitoring of glucose,
many electrochemical methods are widely used in various
research fields because they possess unique advantages like
simplicity, sensitivity, and better cost, selectivity as well as
detection [4]. All glucose sensors are grouped with enzyme
and without enzyme. The enzymes show intrinsic behaviour
hence enzymatic sensor having poor stability. Also, the pH
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of a solution, moisture, temperature, and hazardous chemi-
cals rigorously affects the enzyme activity [5]. Usually, for
enzymatic glucose sensors, glucose oxidase (GO) enzyme
is used because it is more stable, but glucose sensors based
on GO suffer instability, poor reproducibility, poor stabil-
ity, and complicated immobilization procedure, thermal and
chemical deformation [6]. Hence, it is important to develop
and modify glucose sensors that are economical, highly
selective, and trustworthy. The transition metal oxide like
Co;0, [7], CuO [8], NiO [9], Fe,O4 [10] shows high stabil-
ity, low cost, improved oxidation of glucose. Amid, CuO
is an emerging material to glucose sensors because it has
high catalytic activity, excellent durability, environmentally
friendliness, and the ability to promote electron transfer
[11, 12]. The cupric oxide (CuO) is abundantly available
in nature. Its synthesis is cost-effective [13]. It shows prop-
erties like nontoxicity, excellent chemical stability, good
electrochemical activity, large surface area [14]. It shows
stability in different solutions and air also [15].

For the deposition of CuO various physical or chemical
methods have been used, like sol-gel [16], CVD [17], elec-
trodeposition [18], thermal oxidation [19], sputtering [20],
successive ionic layer adsorption and reaction (SILAR) [21],
and spray pyrolysis [22]. Amid, the SILAR, is more effec-
tive because it is suitable at low temperatures, a cost-effec-
tive solution method. Also, it helps to mass production, to
control thickness and phase purity over composition. Also,
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the properties of CuO can be modified by varying deposi-
tion time and deposition cycles [15]. Guanghua et al. [23]
synthesized ultrathin CuO nanowire arrays on copper oxide
wire with the help of heat treatment. The prepared CuO has
850.7 pAmM ™! cm™ of sensitivity. Zang et al. [24] fabri-
cated CuO nanowires by a chemical method, which demon-
strated a sensitivity of 648 pAmM™~! cm™2. Yang et al. [25]
developed CuO nanoleaves and decorated with carbon nano-
tube by a chemical precipitation method, with a sensitivity
of 664.3 pAmM ™! cm™2. Yang et al. [26] synthesized CuO
nanoparticles and decorated them with N-doped graphene
aerogel. The method used is hydrothermal. The prepared
electrode achieves a sensitivity of 223.1 pAmM™' cm™2.
Herein, Polycrystalline, rice-like CuO electrodes are
developed using a cost-effective and simple modified SILAR
(m-SILAR) method. The prepared electrode was character-
ized to study the different properties of copper oxide. The
rice-like CuO is used for glucose sensors. For glucose sens-
ing, especially cyclic voltammetry and chronoamperometry
were employed in 0.1 M NaOH. This electrode was utilized
for amperometric study to the analysis of enzymeless glu-
cose sensing performance. The prepared CuO nanostructures
show a sensitivity of 1017 pAmM ™! cm~2 towards glucose.

2 Experimental details
2.1 Synthesis of CuO thin films

CuO was deposited on stainless steel as substrates using the
m-SILAR technique for the production of the CuO electrode.
The cationic solution was prepared using sodium thiosul-
phate (Na,S,05) as a solvent for the synthesis of the CuO
electrode and copper sulphate pentahydrate (CuSO,.5H,0)
as a solvent. Na,S,0; was injected drop by drop into the
0.1 M copper sulphate pentahydrate (CuSO,.5H,0) to
obtain a cationic solution to create a cationic solution until
the resulting solution becomes colourless. This consequent
solution is referred to as a complex solution. 100 ml of a
complex solution is used as a source for cations. And 100 ml
of 0.1 M sodium hydroxide (NaOH) kept at 343 K, as a
source of an anionic solution.

Stainless steel (1 cm X5 cm) substrates were carefully
washed with ultrasonic treatment. m-SILAR cycles were
typically initiated with the aid of the substrate holder by
dipping the stainless steel substrate into an anionic solu-
tion for 5 precious seconds. Consequently, substrates were
dipped into the complex solution that serves as the source
of cations for 5 s. In this way one m-SILAR cycle was prop-
erly executed. The deposition of the substrate takes place
on both sides. Normal and repeated immersions have been
carried out for up to 160 cycles. The films were eventually
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inserted for rinsing purposes in double-distilled water and
then air-dried.

The CuO electrodes were prepared for 130, 140, 150, 160
deposition cycles and named as a:130 repetitions, b:140 rep-
etitions, c:150 repetitions,d: 160 repetitions. The prepared
samples were air-dried at 623 K for one hour to improve the
crystalline structure. It has been observed that the lateral
thickness of electrodes of CuO increases with the number
of m-SILAR repetitions to 160 repetitions. As m-SILAR
cycles increase the thickness of the films increases, dislo-
cation density and microstrain decreases, more defects are
generated in the film that reduces crystallite size [27]. As
microstrain decreases stress on film increases, resulting in
the film being peeled out the film after reaching beyond opti-
mum thickness. In present work, film being peeled out after
160 cycles. In chemically deposited films, the peeling of
film material is common and is mainly due to the relatively
poor adhesion [28].

2.2 Characterizations

The structural properties of the CuO electrode were ana-
lysed by XRD diffractometer with a Bruker D2 phaser tab-
letop model with copper radiation (Cu-Ka, A =1.5406 A).
The molecular structure was confirmed by Thermo Nicolet,
Avatar 370 FT-IR spectrometer. The surface morphological
and compositional study was done by FE-SEM and EDS of
Mira-3, Tescan Pvt, Brno-Czech Republic. The electrochem-
ical biosensing measurements were carried out using the
electrochemical workstation CH608E. The electrochemical
system contains three-electrodes, CuO electrode—working
electrode, platinum—counter electrode, and Ag/AgCl—ref-
erence electrode and 0.1 M NaOH solutions the electrolyte.

3 Result and discussion

3.1 XRD Studies

The XRD study of CuO electrodes concerning different
deposition cycles onto stainless steel substrates shown in
Fig. 1. From XRD analysis, it is clear that deposited samples
exhibit distinct peaks that indicate polycrystalline nature.
The peaks (002), (111), (-313) readily identifies the mono-
clinic phase was confirmed by JCPDS card 00-002-1040 [29,
30]. The observed and standard “d” values are nearly equal
and shown in Table 1. The lattice parameters are a =4.65 A,
b=3.41 A ¢=5.10 A. The calculation of crystallite size
(D) is done by applying the Scherrer formula [31, 32] and
is mentioned in Table 1. Due to ion by ion deposition in the
m-SILAR method number of cations (cu™) and anions (OH™)
increases, this increases electrode thickness. As a result of
this, crystallite size increases with deposition cycles. Some
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Table 1 Observed and Standard parameters from XRD study
Sr.no No. of 20 (Deg.) Observed “d” Standard “d” D (nm)
m-SILAR
cycles
1 130 35.21 2.54 2.52 13.27
38.50 2.33 2.32
2 140 35.17 2.55 2.52 15.49
38.46 2.340 2.32
3 150 35.16 2.55 2.52 17.72
38.46 2.34 2.32
4 160 35.17 2.55 2.52 14.31
38.44 2.34 2.32

peaks belong to Cu-OH at XRD and these peaks are created
due to air moisture.

3.2 FT-IR Studies

FT-IR spectra of CuO electrodes deposited with the
m-SILAR method are displayed in Fig. 2 and are used to
get structural information of CuO. The main peaks were
obtained at 1631, 1386, 1120, 1000, 605, 501 cm™'. The
stretching of copper and oxygen in CuO was observed
at 1000610 cm™" [33, 34]. The peaks around at 1120,
1386, and 1631 cm™! belong to Cu-OH bending vibra-
tions. The frequency obtained at 502 and 601 cm™! indi-
cates vibrations due to stretching in monoclinic CuO. The
Cu-O stretching along (022) direction was observed at
605 cm~! and the frequencies at 501 cm™! representing
the Cu-O stretching beside (111) [35, 36]. Thus FT-IR
analysis suggests the presence of CuO having a mono-
clinic structure. At FT-IR, some peaks belong to Cu-OH
and these peaks are formed and observed at 1631 cm™!
due to air moisture. FT-IR study also reveals the presence
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Fig.2 The FT-IR patterns of CuO with a 130 cycles b 140 cycles ¢
150 cycles d 160 cycles

of a few constitutional water molecules incorporated in
the CuO. Thus, it confirms the formation of copper oxide
compounds.

3.3 FE-SEM Studies

The surface morphology of CuO deposited at various
m-SILAR deposition cycles annealed at 623 K was stud-
ied by FE-SEM. Moreover, the FE-SEM images are dem-
onstrated in Fig. 3a—d. From the FE-SEM study, it was
observed that deposited CuO exhibits rice like morphol-
ogy [37]. The CuO nanorice deposited at 130 m-SILAR
cycles, nanorice having a length of 310 nm, and a width of
40 nm. Also, CuO at 140 m-SILAR cycles having a length
of 370 nm and a width of 90 nm. The CuO at 160 deposition
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Fig.3 The FE-SEM images of CuO with a 130 cycles b 140 cycles ¢ 150 cycles d 160 cycles

cycles, CuO exhibits a length of 280 nm and a width of
50 nm. The m-SILAR deposition cycles increases, grain size
was observed to increases. For 140 deposition cycles, CuO
grain exhibits 320 nm length and 50 nm width. Such type of
morphology produces the porous volume, which develops
the structural foundation for the biosensing performance
[38].

3.4 EDS Studies

Figure 4a—d represents typical EDS patterns of the CuO
with different m-SILAR deposition cycles and its detailed
analysis. The sharp peaks corresponding to the characteristic
emission of X-rays by Cu and O are visible, which confirm
the formation of CuO without any elemental impurities. The
elemental analysis for Cu and O was carried out, and the
average atomic percentage is mentioned in Table 2. Table 2
having information about an atomic percentage copper and
oxygen present in CuO, and both are nearly equal. Moreover,
the peaks observed in EDS images are the substrate mate-
rial peaks.
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3.5 Cyclic voltammetry study

The CV was employed to study the sensitivity of glu-
cose. The prepared CuO electrodes (a, b, c, d) were
employed as glucose sensing anodes with different con-
centrations (0-3 mM) at various scan rates of 10, 20,
50, and 100 mVs~! as shown in Fig. 5. In these cyclic
voltagramms, no redox peaks were observed; however,
at 0.6 V vs. Ag/AgCl, observed a gradual decrease in
current due to the addition of NaOH [39]. Because of
the good surface area, enhanced electron transfer abil-
ity, great surface energy, there is an excellent improve-
ment in the performance of electrodes a, b, and c, which
increases the electrocatalytic ability of electrodes towards
glucose oxidation [40]. Equation 1 and Eq. 2 represent
the mechanisms of oxidation of glucose mentioned in
[41].CuO + OH™ < CuOOH + e~

CuOOH + e~ + glucose «» CuO + OH™ + gluconicacid
(1

CuOOH + e~ + glucose <> CuO + OH™ + gluconicacid
)
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Fig.4 The EDS spectra of CuO with a 130 cycles b 140 cycles ¢ 150 cycles d 160 cycles

Table 2 Compositional percentage of CuO thin films deposited at
various deposition cycles

Sr. no No. of cycles Atomic %
Copper Oxygen
1 130 49.76 50.24
2 140 47.49 52.61
3 150 49.80 50.20
4 160 47.75 52.25

While performing these chemical reactions, electrons
were produced during the oxidation of glucose. And these
electrons were transferred to the working electrode. That
leads to the enhancement in current, which intimates the
excellent catalytic properties of CuO.

3.6 Chronoamperometry (CA) Study

For the detection of glucose, the chronoamperometry
technique was used. For this, 0.5 mM glucose at the inter-
val of 50 s was added to the electrolyte. The + 0.6Vvs.
Ag/AgCl, a potential applied to study chronoamperom-
etry and the results were made known in Fig. 6. As glu-
cose concentration increases, the increase in current was
observed with steps like nature [42].

3.7 Sensitivity

Figure 7 shows a graph of current versus glucose concen-
tration. The sensitivity calculations were done using active
area, calibration curve, and slope [43]. As expected from CV
data electrode a, b, c, exhibits sensitivity in the ascending
order, and for ‘d’ electrode sensitivity decrease. The sensi-
tivities of respected electrodes and corresponding R-squared
values (correction coefficients) are mentioned in Table 3.
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Fig.5 The cyclic voltagramms of CuO with a 130 cycles b 140 cycles ¢ 150 cycles d 160 cycles at 50 mV scan rate

3.8 Selectivity

Many interfering species are extant in blood with glucose.
Here, we studied the selectivity of prepared electrodes
towards ascorbic acid (AA) which generally co-exist in
blood along with glucose. The literature survey suggests the
AA having 30 times less concentrations in human blood as
compared to glucose [44]. While performing chronoamper-
ometry along with 0.5 mM glucose, 0.05 mM AA was added
successively with the interval of 50 s in 30 ml 0.1 M NaOH
at the potential of + 0.6 V.The current-time graphs are men-
tioned in Fig. 8. Simultaneous addition of 0.05 mM of ascor-
bic acid (AA) along with 0.5 mM glucose does not show any
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important response from the sensor. The spikes for glucose
indicate good selectivity of the CuO electrode towards glu-
cose. Also, the present work confirms CuO is having good
selectivity and useful for real blood sample analysis.

4 Conclusions

In summary, CuO electrodes synthesized using the
m-SILAR method is easy to synthesis and binder-free. The
deposition cycles influence the kinetics of the reaction; also,
it alters the crystallinity, morphology, and electrochemical
sensing performance of CuO. The CuO has a monoclinic
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Fig. 6 The amperometric response curves of CuO with a 130 cycles b 140 cycles ¢ 150 cycles d 160 cycles at 50 mV scan rate
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Fig.7 The calibration curves of CuO with a 130 cycles b 140 cycles ¢ 150 cycles d 160 cycles

Table3 Sensitivity and R* values of prepared CuO thin films at dif-  structure and rice like morphology. The electrochemical
ferent deposition cycles measurements reveal that CuO electrodes deposited at 150

Sr. no No. of Sensitivity R-squared value SILAR cycles and annealed at 623 K possess a sensitiv-
m-SILAR depo- (MAMM™' cm™) ity of 1017 uAmM‘1 cm~2 with a linear response of 3 uM
sition cycles to 3 mM. The electrochemical analysis for the biosensing

1 130 852 0.98 study indicates that the CuO electrode is helpful for biosen-

2 140 929 0.98 sor device fabrication.

3 150 1017 0.99

4 160 879 0.97
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Fig.8 Amperometric response to glucose as well as Ascorbic acid of CuO with a 130 cycles b 140 cycles ¢ 150 cycle d 160 cycles
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