
Vol.:(0123456789)1 3

https://doi.org/10.1007/s00604-022-05453-9

ORIGINAL PAPER

Straw‑sheaf–like Co3O4 for preparation of an electrochemical 
non‑enzymatic glucose sensor

Muhammad Hilal1 · Wanfeng Xie1,2   · Woochul Yang1

Received: 12 May 2022 / Accepted: 9 August 2022 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Austria, part of Springer Nature 2022

Abstract
3D straw-sheaf–like cobalt oxide (SS-Co3O4) was prepared via the hydrothermal method and inert gas calcination of precur-
sors without the assistance of any template or surfactant. It was composed of numerous nanoneedles with a length of ~ 8 µm 
and a diameter of ~ 30 nm strongly tied in the center. The SS-Co3O4 exhibited high crystallinity, a large surface area (39.01 
m2.g−1), a smaller pore size (6 nm), and lower charge transfer resistance (Rct = 9.35 Ω) at the electrode/electrolyte interface. A 
non-enzymatic glucose oxidizing electrode fabricated with SS-Co3O4 showed a high sensitivity (669 µA.mM−1.cm−2), wide 
linear range (0.04–4.85 mM), low limit of detection (0.31 µM), good selectivity, fast response time (5 s), and high reproduc-
ibility with a relative standard deviation of 2.25%. In addition, its robust structure demonstrated excellent electrochemical 
stability by retaining 83.8% of the initial sensitivity when its current density vs. time response was measured for 75 min 
in bare electrolytes prior to the glucose-sensing test. Furthermore, it demonstrated excellent repeatability performance by 
retaining 87.0% of the initial sensitivity when a single electrode was tested for 4 cycles. The proposed robust structured 3D 
SS-Co3O4 electrode successfully responds to the content of glucose in human saliva, which substantially proves its suitability 
in practical application. The synthesis technique is advantageous to prepare other metal oxides with interesting morphology 
and robust structure for the development of more reliable non-enzymatic glucometers and other electrochemical devices.

Keywords  Straw-sheaf–like Co3O4 · Inert gas calcination · Non-enzymatic glucose detection · Chemically stable glucose 
sensor · Electrochemical biosensor

Introduction

To meet the increasing demands of point-of-care diagnostic 
procedures, a number of investigations have been conducted. 
These investigations focused on developing novel, simple, 
user-friendly, light-weight, portable, and cost-effective glu-
cose sensors to ensure appropriate diabetes management and 
mitigate its adverse effects [1, 2]. To date, enzymatic sen-
sors with fast response, good selectivity, and specificity are 

widely used in glucose monitoring [3, 4]. However, a series 
of accompanying problems owing to the intrinsic nature of 
the enzyme, such as it being easily affected by pH, tempera-
ture, and other environmental factors, should be taken into 
account [5]. Therefore, enzyme-less glucose sensors have 
attracted extensive attention due to its high repeatability and 
stability compared to enzymatic sensors, which have practi-
cal significance in both clinical diagnosis and food industries 
[6]. In relation to this, various metal oxides, such as CuO, 
Cu2O, Co3O4, ZnO, NiO, MoO3, MgO, and Fe3O4, play an 
important role in the development of high-performing non-
enzymatic glucose sensors because the electrochemical per-
formances of metal oxides can be regulated by tuning their 
morphology, surface area, and electronic properties [7–14].

Among various metal oxides, cobalt tetraoxide (Co3O4) 
is proven to be a suitable electrocatalyst for sensing because 
of its outstanding redox activity among the redox pairs, such 
as Co2+/Co3+ and Co3+/Co4+. Furthermore, it is proven to be 
electrochemically stable, cheaper, and abundant in nature. 
Different Co3O4 nanostructures, including nanoflowers [15], 
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nanosheets [16], and nanoflakes [17], are proved to be suitable 
for non-enzymatic glucose detection. As the nanostructure’s 
characteristics reduce the diffusion paths for both electrons and 
ions, which in turn increases an interfacial redox reaction [18]. 
However, nanoscale building blocks generally tend to easily 
get damaged during the oxidation/reduction process due to 
their fragile nature, resulting in poor recyclability performance 
of the target electrochemical applications. Moreover, due 
to large interparticle resistance, nanoscale dimensions 
experience particle aggregation problems and weak electron 
transport networks simultaneously with electrocatalytic and 
electrochemical activities [19, 20]. Therefore, most of the 
reported works are based on composite materials, graphene-, 
polymer-, and other nanomaterial-based composites that are 
formed by utilizing expensive and toxic chemicals which are 
hazardous to the environment as well [21–24]. To overcome 
these challenges related to the nanoscale building blocks 
and composite structure of Co3O4, it is important to develop 
Co3O4 with microscale dimensions and robust structure. The 
former is advantageous in the case of long-range electron 
transport networks, while the latter results in excellent 
recyclability performance during the oxidation/reduction 
process. Furthermore, dual benefits from micro and nanoscale 
dimensions can be reaped in terms of reducing ion diffusion 
pathways and maximizing electrochemical reaction sites when 
primary nanoscale building blocks are integrated appropriately 
with secondary microscale dimensions. However, developing 
a micro- or nanoscale dimension with a robust structure that 
can efficiently conquer electrode-materials pulverization at 
the time of the oxidation/reduction process is still challenging. 
Thus, it is important to prepare Co3O4 with a robust structure 
as a high chemically stable electrode material with desirable 
characteristics such as high sensitivity that possesses high-
quality sensing ability in glucose detection.

In the literature, researchers have developed an interesting 
structure called straw-sheaf (SS)–like structure with unique 
properties and validated its potential in different domains. 
For example, Bin et al. and Li et al. used cationic polymer 
adsorption as a charge-driven source and p-phthalic acid 
as a precipitator along with cobalt acetate, respectively, 
to prepare SS-Co3O4 as a high chemically stable material 
for LIB applications [20, 25]. Similarly, Wang et al. used 
the specific concentration of glycerin with sodium sulfate 
and calcium chloride to prepare SS-like α-calcium sulfate 
hemihydrate for water treatment [26]. Also, Shi et al. used 
the 1,2,4,5-benzenetetracarboxylic acid as an organic build-
ing block with terbium nitrate to construct SS-like terbium-
based coordination polymer as selective luminescent probes 
for heavy metal ions [27]. These processes needed specific 
reagents with the base precursor for constructing SS-like 
morphology, hence making the process more complex and 
expensive. Furthermore, these specific reagents can influ-
ence the basic characteristics of the target material when 

annealing in air. For example, in the case of SS-Co3O4 prepa-
ration, these reagents and calcination treatment in air enlarge 
the diameter (~ 80–150 nm) of nanoneedles and expand the 
pore size (~ 2–40 nm), thereby minimizing the specific sur-
face area (~ 16–28 m2.g−1), lowering the crystallinity, and 
increasing the charge transfer resistance (Rct =  ~ 20–80 Ω) 
at electrode/electrolyte interface [20, 25] because both enti-
ties (additional precursors and air molecules) can disturb the 
growth of hydrothermally produced nanoscale nuclei during 
the calcination treatment. Therefore, it is challenging to find 
a technique that is based on a single cobalt precursor and use 
a non-reactive gas environment instead of air for annealing 
to prepare SS-Co3O4 with a relatively large surface area, 
lower Rct value, and high crystallinity.

In this study, we observed that using only inert gas for 
calcination treatment can be a simple alternative solution for 
the aforementioned challenges, such as avoiding the use of (i) 
additional precursors and (ii) calcination of hydrothermally 
produced cobalt nuclei in air. As inert gas helps to provide 
an O2-free environment, thus, electrostatically grows the 
hydrothermally produced nuclei in nanowires orientation, 
while the calcination treatment self-assembles these nanoscale 
dimension’s nuclei to form the secondary microscale dimensions 
with the SS-like morphology. Based on this idea, we successfully 
synthesized a high crystalline 3D SS-Co3O4 material with a 
large surface area (39.01 m2.g−1), smaller pore size (6 nm), and 
lower Rct value (9.35 Ω). The prepared SS-Co3O4 is composed 
of nanoneedles ensuring the short diffusion pathway for fast 
electron transportation processes (Rct = 9.35 Ω), enhancing 
the surface-reaction kinetics. Furthermore, the nanoneedles 
are strongly tied in the middle, guaranteeing the remarkable 
electrochemical stability of Co3O4. Based on these advantageous 
characteristics of SS-Co3O4, it demonstrated great potential in 
glucose-sensing applications.

Experimental section

Reagents and solutions

We procured cobalt (II) nitrate hexahydrate Co(NO3)2·6H2O, 
urea (CH4N2O), sodium hydroxide (NaOH) pellets, 
D-( +)-glucose, lactose, sucrose, mannose, maltose, ascor-
bic acid (AA), sodium chloride (NaCl), Polyvinylidene fluo-
ride, SUPER C65 Nano Carbon Black, N-Methyl-2-Pyrro-
lidone (NMP), ethanol, and acetone from Sigma-Aldrich 
and used them without any purification.

Synthesis of SS‑Co3O4

The Co(NO3)2·6H2O of 0.73 g and CH4N2O of 0.66 g were 
dissolved in DI water (measuring 80 mL) and stirred for 
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approximately 1 h then the solution was transferred to a 
100-mL Teflon-lined autoclave and the hydrothermal treat-
ment was performed for 7.30 h at 110 °C. The solution was 
then allowed to cool naturally to room temperature and the 
red-colored paste was got in the product, which was dried 
at 80 °C in an oven for approximately 12 h. The obtained 
precursors were finally heated under argon (Ar) environ-
ment at a temperature of 430 °C for 3 h in a CVD furnace. 
The material, prepared as per the method detailed above, is 
called SS-Co3O4. A similar process was repeated to prepare 
SS-Co3O4 in nitrogen (N2) and oxygen (O2) environment. 
After the successful synthesis of SS-Co3O4, its morphologi-
cal, structural, elemental, etc. analyses were characterized 
using various equipment, as discussed in the supplementary 
information (SI) sections.

Preparation of SS‑Co3O4‑based glucose electrode

To fabricate the electrodes, SS-Co3O4 as active materi-
als was mixed with SUPER C65 carbon black and binder 
(PVDF) using NMP to produce a slurry. The uniform slurry 
obtained earlier was then coated on a carbon cloth electrode 
(CCE) and dried at a temperature of 100 °C for approxi-
mately 12 h.

Electrochemical studies of SS‑Co3O4‑based glucose 
electrode

The electrochemical response towards glucose (0.04 to 
154.85 mM) detection was evaluated using a three-electrode 
system. The electrode based on Co3O4/CCE was used as a 
working electrode (WE), while the Pt wire was used as a 
counter electrode (CE) and Ag/AgCl was used as a refer-
ence electrode (RE). The fundamental informations, includ-
ing the concentration of the stock solution, added volume 
from the stock solution to the electrolyte in each step, and 
related electrochemical discussion are provided in the SI 
section. Sensing analysis was performed using Linear Sweep 
Voltammetry (LSV) measurement at applied potential from 
0 to 1 V in a NaOH solution at a constant concentration 

(1.0 M, pH 14). The linear fitted curve obtained between 
the maximum faradaic current density vs. various glucose 
concentrations was used to measure the sensor’s sensitiv-
ity. In LSV curve, the maximum change in current density 
was obtained for glucose at + 0.48 V vs. Ag/AgCl in 1.0 M 
NaOH. Therefore, the amperometric J-T investigation were 
performed at + 0.48 V vs. Ag/AgCl in 1.0 M NaOH.

Results and discussion

Formation of SS‑Co3O4

Schematic illustration (Fig. 1) shows that the SS-Co3O4 can 
be obtained via inert gas calcination treatment of hydro-
thermally produced nuclei. Figure 1a shows that both the 
precursors are decomposed to produce the cation (Co2+), 
and anions (CO3

2– and OH–), where the cation leads to the 
formation of cobalt crystal nuclei over which the anions 
are physically adsorbed via electrostatic interaction, during 
the hydrothermal process. Nuclei growth can be tailored if 
annealed in different gasses, such as O2, N2, and Ar, environ-
ment because of heating in either the air or O2, the oxygen 
gets adsorbed on the cation surface, disturbing the uniform 
distribution of the anions. Moreover, due to the higher elec-
tronegativity of O2 molecules, it takes electrons from anions, 
thus reducing their concentrations. Therefore, the controlled 
crystal growth of these nuclei in an O2 environment cannot 
be obtained and they require additional positively charged 
surfactants to compensate the role of negatively adsorbed O2 
molecules. Hence, Co3O4 calcinated in air demonstrated an 
irregular morphology as shown in Fig. SI 2 (a-f). Compara-
tively, inert gas calcination helps to retain the cations and 
anions with similar concentration and distribution as formed 
in the hydrothermal process, growing the nuclei in nanonee-
dles orientation as confirmed by the HRTEM (Fig. 1b). The 
HRTEM image (Fig. 1b) was taken for the product collected 
at the early stage of the calcination treatment (at 430 °C for 
30 min) confirming that the nuclei are growing in a nanow-
ire orientation. Furthermore, the HRTEM image (Fig. 1c) 

Fig. 1   Schematic illustration of the formation of 3D SS-Co3O4 and TEM images of the product taken at different stages of the reaction
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of the final product indicated that 3 h calcination treatment 
self-assembled these nanowires by minimizing their surface 
energy and eventually forming the SS-like morphology of 
Co3O4 (Fig. 1c).

Morphological and structural analysis of SS‑Co3O4

Figure  2a  illustrates the FESEM image of the Co3O4 
product, showing that it has a uniform SS-like architecture 
composed of nanoneedles, which are outspread and 
closely bound to each other in the middle to create this 
SS-like architecture. The length and average diameter 
of each nanowire are ~ 8 µm and ~ 30 nm, respectively. 
The SS-like architecture is favorable for the rapid 
electron transportation process, owing to the long-range 
pathway and reduced diffusion length of one-dimensional 
nanoneedles. Furthermore, nanoneedles that are strongly 

bound together in the middle position enable a robust 
structure that can withstand vigorous volume variations 
that occur as a result of repeated electrochemical reactions. 
Therefore, this SS-like network can overcome the challenges 
faced by Co3O4-based materials in terms of low sensitivity 
and low electrochemical stability toward glucose detection. 
Moreover, the microstructure of the SS-Co3O4 was 
investigated through HRTEM analysis, confirming a highly 
similar architecture to a bundle of straw as shown in Fig. 2b. 
Figure 2c shows that the nanowire’s surface is mesoporous 
in nature, which is advantageous in generating additional 
active sites for enhanced surface reaction. Furthermore, 
the high-resolution image (Fig. 2e) of Fig. 2d confirms that 
the average diameter of each nanoneedle is approximately 
30 nm. Moreover, Fig. 2f represents the d-spacing value 
of 0.24 nm confirming that the nanoneedles are grown in 
the (311) plane direction. The elemental composition of 

Fig. 2   a FESEM and b–f HRTEM images of 3D SS-Co3O4 calcinated in Ar environment. g EDS analysis of SS-Co3O4 to specify the existence 
of Co and O. h N2 adsorption–desorption isotherm and i XRD pattern of SS-Co3O4
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SS-Co3O4 was confirmed through the EDS analysis of Fig. 2b as 
shown in Fig. 2g. The Sum EDS image shows red and green 
color areas, indicating the existence of cobalt (Co) and oxygen 
(O) with wt. % of 69.89 and 30.11, respectively. Furthermore, 
Fig. SI1 (Supporting Information) shows the FESEM images of 
the SS-Co3O4 calcinated in the N2 environment, while Fig. SI 2 
(a-f) shows the FESEM images, EDS mapping, and spectrum 
of the Co3O4 samples calcinated in the air.

Moreover, the specific surface area and pore size of SS-
Co3O4 were determined to be 39.01 m2·g–1 and 6.48 nm, respec-
tively (Fig. 2h). The results show that the SS-Co3O4 exhibited a 
relatively high surface area along with numerous mesoporous on 
nanoneedles surfaces. Furthermore, Fig. 2i shows that the XRD 
analysis was conducted to examine the structural characteris-
tics of SS-Co3O4. The diffraction peaks originated at 2θ = 31.6°, 
36.8°, 44.8°, 59.3°, and 65.2° are corresponded to (220), (311), 
(400), (511), and (440) crystal planes of face-centered cubic 
phase of Co3O4 (JCPD#43–1003) [28, 29]. The peak for the 
(311) plane had a higher intensity than the other peaks, indicat-
ing that the nanoneedles of SS-Co3O4 are mainly grown in the 
311-plane direction. In addition, no extra peaks were found in 
XRD results, indicating that SS-Co3O4 was synthesized without 
any impurities.

Glucose‑sensing performances of SS‑Co3O4

After the UV–Vis spectroscopy, electrochemical, chemical 
structure, and surface analysis of SS-Co3O4, as discussed in 

the SI sections, its sensing performance was carried out by 
measuring the LSV response with the step-wise addition of 
glucose. Figure 3a shows the LSV response of SS-Co3O4 
towards various concentrations of glucose, showing a rapid 
increase in the anodic peak of the current density when the 
concentration of glucose changed from 0.04 to 124 mM. 
Figure 3b shows that the anodic peak of current density 
increased linearly in the range from 0.04 to 4.85 mM. The 
regression equation Jpa(mA.cm−2) = 0.6699x + 0.1239cglucose 
(mM) with correlation coefficient (R2 = 0.997) for the linear 
range of 0.04 to 4.85 mM was used to determine the slope 
of the calibration plot, which defines the sensitivity 669 
μA.mM−1 cm−2 of the sensor [30, 31]. The limit of detection 
(LOD) was determined to be 0.31 µM using the equation: 
LOD = 3.3 × (σ/S), where σ represents the standard error of 
the intercept, while S represents the slope of the linear fitted 
curve [32, 33].

The electro-oxidation performances of SS-Co3O4-based 
electrodes towards glucose detection were further examined 
by recording amperometric J-T curves as shown in Fig. 3c. 
These experiments were conducted with nonstop stirring 
and stepwise addition of glucose at + 0.48  V, in 1.0  M 
NaOH. The linear fitted plot of Fig. 3c is derived as shown 
in Fig. 3d, which also demonstrates a linear relationship 
between the changes in current density with glucose concen-
tration that ranged between 0.04 and 4.85 mM. In this meas-
urement, the sensitivity, R2, and LOD were determined to be 
635 μA.mM−1 cm−2, 0.989, and 0.32 µM, correspondingly. 

Fig. 3   a LSV and c J-T response 
of Co3O4-based electrode and 
their corresponding linear fitted 
plots, where the error bars show 
RSD of b 0.92% for n = 3 and 
d 1.17% for n = 3, respectively, 
used for sensitivity and linear 
response range determination. 
The inset plot in c shows the 
sensor response time
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Furthermore, the response time, the time taken by the sig-
nal to reach 90% of the equilibrium value, while changing 
the concentration of glucose in the electrolyte [34, 35], was 
determined to be between 5 s as shown in the inset plot of 
Fig. 3c. Figure SI 6 (a, c) is an illustration of the variation 
in response of current density obtained by either LSV or 
J-T measurement towards glucose concentrations ranging 
from 0.04 to 124 mM. The change in current density vs. 
glucose concentration plots (Fig. SI 6 (b, d)) of Fig. SI 6 (a, 
c) showed that there was a significant reduction observed in 
the slope of the fitting curve at more than 4.85 mM concen-
tration. This infers a weak sensitivity of sensing electrodes 
in case of a high concentration of glucose. This can be attrib-
uted to the presence of varying electrochemical kinetics. In 
case of an increase in the concentration of glucose in an 
alkaline solution, a gradual increase in glucose diffusion rate 
can be observed. It then goes beyond the consumption rate 
at the electrode surface, resulting in a gradual saturation of 
the electrochemical reaction rate in line with the charge flow 
rate making it impossible for the response current density 
to increase linearly at a high concentration. Therefore, it 
can be concluded that the synthesis of sensing electrodes 
with a high surface-to-volume ratio remains an important 
parameter in producing high-performing non-enzymatic 
glucose sensors. For comparative purposes, Table 1 tabu-
lates the value of a few important parameters, such as LOD 
sensitivity, response time, and analytical range in line with 
Co3O4-related electrode materials. The table values infer that 
the glucose sensor based on 3D SS-Co3O4 demonstrates a 
relatively high performance to glucose compared to all other 
sensors reported previously. These excellent performances of 
SS-Co3O4-based electrodes can be attributed to a unique 3D 
SS-like structure with a relatively high surface-to-volume 
ratio and the presence of numerous nanoporous on nanon-
eedles surfaces. These characteristics are beneficial for 
the enhanced surface reaction kinetics and lowered charge 

transfer resistance for the fast flow of electrons and ions at 
the electrode/electrolyte interface.

Selectivity, reproducibility, repeatability, chemical 
stability, and real‑time analysis of SS‑Co3O4

Anti-interference capacity (selectivity), reproducibility, 
repeatability, and chemical stability are critical parameters 
to be determined for the validation of any glucose-sensing 
electrode. Therefore, the study was extended to determine 
these parameters for the SS-Co3O4-based electrode. The 
selectivity of Co3O4 (Fig.  4a) was analyzed by adding 
0.35 mM concentrations of various interfering substances 
such as lactose, sucrose, mannose, maltose, AA, and NaCl, 
with 0.25 mM concentrations of glucose to the electrolyte 
at different stages of the test. The result shows that each 
interfering substance leaves behind 70% smaller changes in 
response to current density, recorded against 0.35 mM con-
centration when compared to the current density response 
value during the addition of 0.25 mM glucose. Therefore, 
the developed non-enzymatic SS-Co3O4-based electrode 
exhibits good selectivity in detecting the actual glucose.

Moreover, the reproducibility analysis (Fig. 4b) was 
conducted through amperometric response of six different 
SS-Co3O4-based electrodes as shown in Fig. SI 6–9 and dis-
cussed in the SI-section. The RSD value of the sensitivity 
of six electrodes was determined to be 2.25% (Fig. 4b), sug-
gesting excellent reproducibility and precision of SS-Co3O4-
based electrode for glucose detection. In addition, the anti-
interference capacity of each electrode was analyzed under 
similar test conditions and utilized for amperometric (J-T) 
curves as shown in subfigure (d) of Fig. SI 6–9. The result 
shows that the interference from each of the interfering sub-
stances towards glucose detections is almost negligible.

The reusability analysis was conducted by measuring the 
J-T response of a single electrode at various concentrations 

Table 1   Analytical performance 
comparison of SS-Co3O4-based 
glucose sensor with those 
reported previously

Sample Linear range (mM) Sensitivity 
(µA.mM−1.
cm−2)

Detection limit
(µM)

Response time
(s)

Ref

SS-Co3O4 0.04–4.85 669 0.31  ~ 5 This study
Co3O4/3D-KSCs 0.088–7 1377 26 – [45]
Co3O4/Zn 0.005–0.62 193 2.0  < 7 [46]
ZIF-67 derived Co3O4 1.5–10.5 50 – 4 [47]
porous Co3O4 0–0.8 1060.1 0.32 – [48]
Co3O4/graphene 0.001–9 214 0.41 0.49 [49]
NHCN-Co3O4 0.001–32 12.9 0.2 - [50]
Co3O4 nanosheets Up to 0.31 12,970 0.058  < 10 [51]
Nest-like Co3O4 0.02–0.4 929 1.0 0.5 [52]
TiO2/Co3O4 ANTAs 0.01–3.0 2008.82 0.3396  < 5 [53]
Co3O4 @graphene 0.02–8 628 0.038 4 [54]
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ranging from 0.04 to 4.85 mM four times. The RSD value 
was determined to be 5.32% as shown in Fig. 4c, demonstrat-
ing excellent repeatability. Also, the electrodes measured 
in the 4th cycle retained 87.0% of their initial sensitivity 
and reduced the linearity to 0.963, confirming the excellent 
reusability performance of the SS-Co3O4-based electrode. 
Figures SI 10 (a-d) and 11 (a-d) illustrate the raw-data plots 
that corresponded to repeatability analysis. Lastly, the chem-
ical stability of SS-Co3O4 was also investigated as shown in 
Fig. 4d. The procedures used for chemical stability investiga-
tion are discussed in the SI section and Fig. SI 12 (a-i) illus-
trates the corresponding raw-data plots. The RSD value was 
determined to be 7.73% as shown in Fig. 4d. The electrodes 
measured for 75 min in the bare electrolyte retained 83.8% 
of its initial sensitivity and reduced the linearity to 0.964, 
confirming the excellent chemical stability performance of 
the SS-Co3O4-based electrode. Moreover, it is a fact that the 
long runs of glucose measurements generate gluconolactone 
or other products derived from the electrocatalytic oxidation 
of glucose, which deposits onto the electrode surface and 
further shield the electrocatalytic sites of these metal oxides. 
In this sense, a quick decay of the analytical performance of 
the non-enzymatic glucose sensors can be observed. There-
fore, the stability analysis in terms of continuous measure-
ment of glucose was further confirmed by measuring the J-T 
analysis for a longer time ~ 105 min, as shown in Fig. 4e. 
This analysis was performed by spiking 1.85 and 3.85 mM 
concentrated glucose at different stages of the analysis. The 

result (Fig. 4e) revealed that the SS-Co3O4-based electrode 
retained around ~ 50% of its initial current density response 
to each concentration. These excellent stability analyses are 
attributed to the robust structure of Co3O4 that can efficiently 
conquer electrode-materials pulverization at the time of the 
oxidation/reduction process.

Furthermore, the study was extended to the detection of 
glucose in saliva samples of human subjects. As Fig. 3b, 
d  reveals, the current jumps upon the addition of a suf-
ficiently low concentration of glucose from 40 to 150 μM, 
which is comparable to the glucose concentration of saliva 
(20 − 210 μM) found in normal individuals and diabetes 
patients [36, 37]. Moreover, the LOD of our constructed 
electrode is 0.31 µM; therefore, it can be worked for non-
invasive glucose sensing using human fluids. For this analy-
sis, the saliva samples were collected from human subjects 
and centrifuged at 5000 rpm for 6 min, then around 5 mL 
saliva supernatant is added to 30 mL of 1.0 M NaOH, and 
the amperometry of this solution was performed at + 0.48 V 
vs. Ag/AgCl (Fig. 4f). The current density difference was 
obtained to be 0.06 mA.cm−2 than the initial value, which is 
almost equivalent to the current density response obtained 
when the 0.07 mM concentration of glucose was spiked to 
the 30 mL NaOH. Moreover, Fig. 4f shows the comparative 
response of glucose detection when bare 0.09 mM glucose 
and 10 mL saliva sample mixed with the 0.09 mM glu-
cose were added to the electrolyte. Interestingly, a greater 
change in current density was obtained for the mixed glucose 

Fig. 4   a Selectivity, b reproducibility, c repeatability, d chemical stability, e continuous measurement of 1.85 and 3.85 mM concentrated glucose 
for 105 min, and f real-sample analysis of SS-Co3O4-based glucose-sensing electrode
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and saliva sample than that of the bare 0.09 mM glucose, 
confirming the response of the SS-Co3O4-based electrode 
towards the amount of glucose in saliva, therefore generating 
a higher current signal.

Glucose‑sensing mechanism

The conduction band (ECB), valence band (EVB), and Fermi 
level (EF) positions are important components to consider 
when investigating the glucose-sensing process of SS-Co3O4 
because the difference between the EF and electrolyte oxi-
dation potential (EEOP) determines the Schottky barrier 
height (ɸB) and the overpotential requires to flat the bands 
of semiconductor with the EEOP for the migration of charge 
at electrode/electrolyte interface [38–40]. In addition, it is 
also important to consider a semiconductor if it exhibited 
more negative and more positive band edge potential of ECB 
and EVB than the potential required for •O2

─ and OH─ radi-
cle generation for electrochemical-based application [41] 
because in the electrochemical reaction, the bare electrolyte 
initially interacts with the semiconductor generating •O2

─ 
and OH─, which form the Inner Helmholtz layer (IHL) with 
a semiconductor surface (double-layer capacitance). Later, 
when the target analyte (glucose in our case) is added to 
the electrolyte, it forms the outer Helmholtz layer (OHL). 
Thus, if a semiconductor has better activity towards •O2

─ 

and OH─, radicles generation (particularly OH─ radicles) can 
excellently oxidize glucose.

Therefore, the ECB, EVB, EF, Rct, and band gap energy 
(Eg) were determined by performing VB XPS, M-S plot, 
EIS, and tauc plot measurements. Figure 5a and its inset 
figure indicate the VB XPS potential and tauc plot analy-
sis, confirming that SS-Co3O4 exhibited a VB potential and 
Eg of 0.56 eV and 2.16 eV, respectively. The M − S plot 
(Fig. 5b) was constructed at different frequencies such as 
100 Hz, 316 Hz, and 1 kHz, which indicates the negative 
slope, confirming the p-type nature of SS-Co3O4 [42]. The 
EFB value was determined to be 0.88 eV through extrapola-
tion of the linear region of capacitance to intersect at the 
potential axis. Moreover, EIS analysis of the SS-Co3O4-
based electrode was performed to analyze interfacial reac-
tion processes as well as catalytic kinetics between elec-
trode and electrolyte (Fig. 5c). The fitting was performed 
on the radius of the semicircle area in Nyquist plots and 
the Rct value was determined to be 9.35 Ω (shown in the 
inset of Fig. 5c) based on the equivalent circuit sketched in 
Fig. 5c. The least Rct value infers that the nanoneedles can 
reduce the ion diffusion pathways and promote the charge 
transfer process across the electrode–electrolyte junction. 
Lastly, the energy band diagram of SS-Co3O4 was illus-
trated as shown in Fig. 5d, confirming that Co3O4 exhibits 
more negative and more positive band edge potential of 

Fig. 5   a Valance band spectra and its inset show the tauc plot of SS-
Co3O4. b M-S plot and c EIS analysis of SS-Co3O4. The inset equiva-
lent circuit in c was obtained through fitting the EIS data, where Cdl, 
Re, Rct, and Zw are corresponded to the double-layer capacitance, 

electrolyte, charge transfer, and Warburg resistance, respectively. d 
Schematic illustration of energy bands of SS-Co3O4 and e the process 
involved in the glucose-sensing mechanism
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ECB and EVB than the potential required for •O2
─ and OH─ 

radicle generation, respectively; therefore, SS-Co3O4 can 
excellently generate these radicles in the initial electrochemi-
cal reaction that takes place between SS-Co3O4 and the bare 
electrolyte. However, the valance edge potential (1.46 eV) 
of Co3O4 typically has a smaller difference (0.03 eV) than 
the potential of OH─ (1.44 eV at pH > 13 [43]), therefore 
demonstrating a poor electrochemical activity. Tuning the 
surface and morphology of the Co3O4 is an effective way 
to override this challenge because the large surface area 
reduces the diffusion paths both for electrons and ions, which 
in turn increases an interfacial redox reaction. In this regard, 
the developed SS-like structure is advantageous because it 
exhibited a relatively high surface area as well as numerous 
mesoporous on nanoneedles surfaces that generate additional 
active sites for enhanced surface reaction kinetics than previ-
ous Co3O4-based studies listed in Table 1.

Figure 5e illustrates the glucose-sensing mechanism, where 
SS-Co3O4 was employed as glucose oxidizing electrodes. The 
sensing process shows that the electrons in the ECB of the Co3O4 
are responsible for the reduction of O2 molecules by oxidizing Co2+ 
to Co3+ (Eq-SI1 and -SI2) and the holes in its EVB are responsible 
for the generation of OH─ (Eq-SI3). The produced OH− radicles 
react with Co3O4 to generate CoOOH species and release an 
electron, reverting the Co3+ to Co2+ (Eq-SI4 and SI-5) [44]. The 
reaction between CoOOH and the OH─ (from NaOH electrolyte) 
takes place producing CoO2 species, H2O molecules, and an 
electron (Eq-SI6). Secondly, when glucose is added, the glucose 
molecules (C6H12O6) are catalytically oxidized by CoO2 species 
to gluconolactone (C6H10O6) and H2O2 (Eq-SI7). Lastly, H2O2 
oxidizes to produce H2O molecules and O2 molecules and release 
two electrons (Eq-SI8). The released electrons are transferred to 
the circuit through the ECB, thus increasing the current density 
of the oxidation peak, while the O2 molecules restart the process 
(Eq-SI1). More •O2

─ and OH─ radicles are generated due to 
enhanced surface reaction of kinetics, thus enabling SS-Co3O4 to 
oxidize more glucose molecules, while more electrons are rapidly 
transferred from the electrolyte to SS-Co3O4 due to the lower value 
of Rct. Similarly, it provides long-range electron transport networks 
for easy transportation of electrons to the current collector electrode 
due to the nanoneedle-like morphology of SS-Co3O4, thus 
enhancing the current density linearly as the glucose concentration 
increases. Therefore, SS-Co3O4-based electrode demonstrates a 
high glucose sensitivity, broader linear range, low LOD, and fast 
response time.

Conclusion

In this work, a nanozyme of Co3O4 was developed via 
inert gas calcination treatment of hydrothermally produced 
cobalt nuclei. A simple, efficient, inexpensive, and self-
driven method was approached to produce the demanded 

SS-like structure of Co3O4. Based on the robust structure 
and enhanced surface area of the SS-Co3O4-based electrode, 
it demonstrated a better sensitivity, fast response, wide lin-
ear range, high chemical stability, low detection limit, good 
selectivity, outstanding reproducibility, and repeatability 
capability for glucose detection. The successful response 
towards the content of glucose in human saliva substantially 
proves its suitability in practical application. The synthe-
sis techniques can offer a new strategy for preparing metal 
oxides with interesting morphology and robust structure, 
which can be employed in fabricating enzymeless sensors 
for detecting biomolecules. Although the obtained results 
are very interesting. However, our sensing setup still places 
certain limits on the size and testing volume. Therefore, in 
near future, we are planning to design sensor chips for real-
time measurements. As the sensor chip is advantageous for 
the detection of analytes in wide linear ranges, which does 
not require sample dilution, thus making it ideal for clini-
cal applications such as blood-based analyte measurements.
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