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A B S T R A C T   

In a novel approach, an efficient non-enzymatic glucose sensor based on pure phase of aurivillius bismuth 
molybdate (BM or γ-Bi2MoO6) mixed metal oxides is reported. Three BM samples were synthesized, with/ 
without L-cysteine (Cys) and dodecylamine (DDA) as additives, leading to different shapes: bullet (BM-C), 
confetti (BM-2Cys) and candy (BM-2DDA). The morphology and purity of the structures were confirmed by FE- 
SEM images and XRD. In order to investigate the sensor application, the samples were integrated on reduced 
graphene oxide and incorporated into simple and inexpensive glassy carbon electrode (GCE) without using any 
polyvinylpyrrolidone (PVP) or Nafion. To perform cyclic voltammetry experiments, all three biosensors were 
measured in PBS solution (pH = 7) in ±1.5 voltage range and 50 mV s− 1 scan rate. Glucose identification by the 
synthesized composites is an obvious sign of their high efficiency. According to chronoamperomograms, the best 
sensitivity of 3050 μA L mmol− 1 cm− 2 with linear range of 0.02–0.14 mmol L− 1, low detection limit (LOD) of 
0.004 mmol L− 1 and the signal/noise equal to 3 was achieved by BM-2DDA/rGO/GCE biosensor and its speedy 
amperometric response is less than 5 s. This biosensor showed impressive selectivity, repeatability and repro
ducibility results besides it maintains its stability considerably in great percentage of 98.5% after eight weeks. 
Also it showed prolonged stability after 50 min.   

1. Introduction 

Diabetes is a metabolic disease which causes an abnormal blood 
sugar level [1], which subsequently activates some metabolic pathways 
resulting inflammation and apoptosis [2]. Its complications are coronary 
artery stenosis, peripheral vascular disease, stroke, kidney failure and 
blindness [3]. More than 385 million people worldwide are suffering 
from diabetes and this number increases yearly [4]. According to in
ternational diabetes federation (IDF) report, it is estimated that in 2019, 
around 4.2 million people from age 20 to 79 died from diabetes that 
means one death every 7 s [5]. Therefore, diabetes diagnosis and blood 
sugar control are vital to reduce death rate [6]. 

There are several methods of glucose detection such as colorimetry, 
electrochemical, optical and fluorescent. Besides being portable and 
low-cost, electrochemical sensors possess the advantages of high sensi
tivity and selectivity over other methods and have been used for almost 
last decade to detect glucose in blood [7,8]. Furthermore, electro
chemical technique has high detection limit, reliability and rapid 
response [9,10]. In recent years, enzymatic electrochemical glucose 

sensors were one of the suitable detective devices. But because of some 
disadvantages like high manufacturing cost, lack of thermal stability 
(upper than 40 ◦C), pH sensitivity (losing activity in pH<2 and pH>8) 
and sensitivity to chemical substances within solution, enzymatic elec
trochemical sensors have been replaced by non-enzymatic ones [11–13]. 
In these sensors, the oxidation of glucose on the electrode surface [14] 
not only necessitate glucoses and electrons transportation, but also a fast 
and efficient redox reaction on the surface of electrode/electrolyte [15]. 
Furthermore, a key factor for non-enzymatic high performance elec
trochemical sensors is choosing appropriate active electrocatalyst. For 
this reason, use of metal oxide nanostructures with high surface area, 
high catalytic performance, effective electron transportation, low cost 
and good biocompatiblity such as ZnO [16], CuO [17,18], NiWO4 [19], 
CuCo2O4 [20], NiCo2O4 [21] is an effective strategy. 

Bismuth molybdate (Bi2O3.nMoO3, n = 1, 2 and 3) can be classified 
into –γBi2MoO6, β-Bi2Mo2O9 and α-Bi2Mo3O12 phases [22,23]. n-Type 
semiconductor γ-Bi2MoO6 has aurivillius structure in which Bi is sur
rounded with octahedral MoO6 grid and forms (Bi2O2)+2 layers paral
lelly in perovskite MoO4

− 2, that results in little band gap (2.5–2.8 eV) 

* Corresponding author. 
E-mail address: Tarlani@ccerci.ac.ir (A. Tarlani).  

Contents lists available at ScienceDirect 

Talanta 

journal homepage: www.elsevier.com/locate/talanta 

https://doi.org/10.1016/j.talanta.2020.121560 
Received 29 June 2020; Received in revised form 9 August 2020; Accepted 10 August 2020   

mailto:Tarlani@ccerci.ac.ir
www.sciencedirect.com/science/journal/00399140
https://www.elsevier.com/locate/talanta
https://doi.org/10.1016/j.talanta.2020.121560
https://doi.org/10.1016/j.talanta.2020.121560
https://doi.org/10.1016/j.talanta.2020.121560
http://crossmark.crossref.org/dialog/?doi=10.1016/j.talanta.2020.121560&domain=pdf


Talanta 221 (2021) 121560

2

[24,25]. In gamma phase, molybdenum has flawless octahedral coor
dination which leads to creation of different catalytic active sites [26]. 
For these reasons, γ-Bi2MoO6 has been very popular in the last decade 
for various types of applications such as photocatalyst [27,28], super 
capacitor [29], adsorbent [30] and gas sensor [31]. It also has excellent 
inherent properties like thermal and chemical stability, catalytic and 
luminescence activity, dielectric nature, low cost, corrosion resistant, 
and biocompatibility which makes it a good candidate for 
non-enzymatic sensors [32–35]. Despite this fact, very few research 
have reported sensors based on Bi2MoO6 [36]. 

The high temperatures (400–700 ◦C) required for the synthesis of 
Bi2MoO6 via co-precipitation [37] or solid state reaction [38] hamper 
the control of the product properties such as purity, surface area, grain 
shape and morphology. Recently hydrothermal and solvothermal 
methods are mostly used for crystal growth, highly pure and uniform 
nano material at low temperature [39]. Thus, it can be said that hy
drothermal method is a reliable way for the synthesis of nanostructures 
with various morphologies, high crystallinity, high surface to volume 
ratio and permeability [40]. Many factors like time [41], temperature 
[42], pH of solutions [43] and type of surfactant [44] are affective in 
growth and formation of particles in hydrothermal method. As a result, a 
variable structure with better catalytic properties can be achieved by 
design of growth and particle accumulation. In fact it should be 
considered that shortcomings, such as expensive surfactants and dupli
cate synthesis methods, restrict the creation of diverse structures [45]. 
Previously, our research group investigated the effect of amino acids as 
both functional group additives and self-controlled pH on the synthesis 
of nine new forms of ZnO which were applied for non-enzymatic 
detection of glucose [16]. 

Regrettably, in electrochemical reactions, nano metal oxides lose 
their reversibility of the redox reaction due to the decrease of conduc
tivity, because of particles agglomeration during the detection process 
[46]. Resolving this problem increased attention to supporting materials 
like graphene. Graphene with two dimensional structure, sp2 carbon 
hybridization, exceptional properties such as high electron transfer ca
pacity, good conductivity, enormous surface for linking with nano
structures, and great mechanical stability makes it a suitable support to 
improve nanostructures’ properties [47,48]. Consequently, presence of 
graphene, not only prevents nano metal oxides agglomeration but also 
improves synergic effect and other properties in sensors performance 
[46]. 

Rare reports are based on enzymeless detection of glucose by mixed 
metal oxide electrocatalysts to benefit the synergetic effect of the two 
components. Synthesis of the pure single phase of the mixed metal ox
ides with different morphologies has been always a challenge. 

In this work, synthesis of pure phase of bismuth molybdate (BM) 
become possible by changing of effective factors like pH, temperature 
and new additives. In order to design different morphologies with or 
without using dodecylamine (DDA) and cysteine (Cys), three sensors 
(bullet (BM-C), candy (BM-2DDA) and confetti (BM-2Cys)) were ob
tained. Thanks to its NH2, COOH, and SH functional groups, cysteine has 
enormous coordination affinity to inorganic and metal ions. In addition, 
self-assembly property of this amino acid can lead to a variety of mor
phologies for Pb and MoS2 associations [49,50]. Also there is no report 
based on the synthesis of -γBi2MoO6 by cysteine and dodecylamine 
assistance. As the best of our knowledge, no research concerns the 
detection of glucose based on different shapes of γ–Bi2MoO6. Finally, 
bismuth molybdate was mixed and physically with reduced graphene. 
For the electrochemical experiments, cheap glassy carbon electrodes 
were employed as glucose sensor. Thus, the expensive gold electrode, 
Nafion and other stabilizer or conductive materials that are widely used 
in many sensors, are not utilized. The obtained results displayed 
outstanding sensitivity and low detection limit. Moreover, glucose 
selectivity was significant in presence of uric acid, ascorbic acid, dopa
mine and fructose. 

2. Experimental section 

2.1. Apparatus and reagents 

Purchased Bi(NO3)3.5H2O (A. R. grade), Na2MoO4.2H2O (A. R. 
grade), absolute ethanol, L-cysteine and dodecylamine, D-(+)-glucose 
monohydrate, fructose, dopamine, L-ascorbic acid, uric acid, graphite, 
sodium nitrate, potassium permanganate, hydrazine monohydrate, 
hydrogen peroxide, and dimethylformamide were used as received. 
NaH2PO4 and Na2HPO4 were used to prepare phosphate buffer solution 
(PBS). All solutions were prepared using ultra-purified water (>18 MΩc 
cm) refined by a cartridge purification system (Millipore, UK). The 
electrochemical measurements were carried out by Metrohm Aoutolab- 
state-100. 

2.2. Instrumentation 

Microscopic analysis of samples was performed by field-emission 
scanning electron microscopy (FESEM) (Sigma VP, ZEISS). X-ray 
diffractometer (XRD) (X’ Pert Pro, Panalytical) with CuKα radiation at 
40 kV and 30 mA scanning over 2θ range from 10 to 80◦ at a rate of 1◦/ 
min. Fourier transformed infrared spectroscopy (FT-IR) spectra were 
recorded using Thermo Scientific Nicolet IS 50 FT-IR spectrometer using 
KBr disk. 

2.3. Preparation of –γBi2MoO6 

Na2MoO4.2H2O (0.2420 g, 1 mmol; solution A) and Bi(NO3)3.5H2O 
(0.9702 g, 2 mmol; solution B) were dissolved separately in 35 mL 
deionized water and stirred in room temperature for 20 min. Solution 
(A) was added dropwise to solution (B) and stirred for 30 min. The 
resulting yellow suspension was transferred into 100 mL stainless steel 
teflon-lined autoclave for 10 h at different temperatures (140, 160 and 
180 ◦C). Precipitate was collected, washed with H2O and EtOH several 
times, and heated under air to 500 ◦C for 2 h at the heating rate of 5 

◦

C/ 
min. The obtained yellow powders were named BM-A, BM-B and BM-C, 
respectively according to the above mentioned temperatures. 

To investigate the effect of additives, cysteine (0.5, 1 or 2 mmol) and 
dodecylamine (1 or 2 mmol) were separately added to solution A and 
stirred for 10 min. Solution A dropwise was poured into solution B and 
stirred for 30 min. Then the suspensions were transferred into 100 mL 
stainless steel teflon-lined autoclave at 180 ◦C for 10 h. Then all pre
cipitates washed with H2O and EtOH. Subsequent calcination at 600 ◦C 
for 2 h with a heating rate of 5 

◦

C/min afforded yellow powders. They 
are named BM-0.5Cys, BM-1Cys, BM-2Cys, BM-1DDA and BM-2DDA, 
respectively. All synthesized compounds and their properties are 
collected in Table 1. 

2.4. Preparation of reduced graphene oxide (rGO) 

According to improved hummer method [51], graphite (0.5 g) was 

Table 1 
Experiment, samples synthesis and achieved morphology conditions.  

Product 
name 

Temperature Time 
(h) 

pH Additive Shape 

BM-A 140 ◦C 10 5.8 ….  
BM-B 160 ◦C 10 5.8 ….  
BM-C 180 ◦C 10 5.8 …. Bullet 
BM-0.5Cys 180 ◦C 10 4.7 L-Cysteine (0.5 

mmol)  
BM-1Cys 180 ◦C 10 4.4 L-Cysteine (1 mmol)  
BM-2Cys 180 ◦C 10 4.3 L-Cysteine (2 mmol) Confetti 
BM-1DDA 180 ◦C 10 5 Dodecyl amine (1 

mmol)  
BM-2DDA 180 ◦C 10 5.1 Dodecyl amine (2 

mmol) 
Candy  
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mixed with concentrated sulfuric acid (98%, 50 mL). Sodium nitrate 
(0.5 g, 5 mmol) and potassium permanganate (3 g, 1.8 mmol) were 
gradually added (15 min) at 0 ◦C under stirring. Then the solution was 
stirred at 35 ◦C for 2 h until it turned to green. After addition of 
deionized water (200 mL) following by heating to 95 ◦C, the mixture 
turned into brown. After cooling to 50 ◦C, hydrogen peroxide (3 mL) was 
added. The precipitate was collected, was washed with hydrochloric 
acid and deionized water for several times, sonicated and dried to form 
graphene oxide plates. Graphene oxide (0.5 g) was sonicated in dime
thylformamide (20 mL). Hydrazine hydroxide (5 mL) was added and the 
mixture was stirred at 80 ◦C for 12 h. The sample washed with deionized 
water and then dried at 60 ◦C [52]. 

2.5. Fabrication of Bi2MoO6/rGO/GCE modified electrodes 

The five calcined samples (BM-0.5Cys, BM-1Cys, BM-2Cys, BM- 
1DDA and BM-2DDA) (0.3 g) were separately dissolved in deionized 
water (10 mL) and dimethylformamide (DMF) (10 mL). Afterwards rGO 
(0.1 g) was added to the solution, sonicated and stirred for 24 h. The 
black suspension washed with deionized water and EtOH several times 
and dried at 80 ◦C. The obtained powder (5 mg) was sonicated in DMF 

(2 mL) for 1 h and then stirred for 24 h. A withdrawed sample (10 μL) 
was deposited on electrode and dried at room temperature. The elec
trode is prepared for electrochemical experiments. The procedure was 
done for all the five above mentions samples correspondingly for glucose 
electrochemical measurements. 

2.6. Preparation of simulated body fluid (SBF) 

SBF was prepared by dissolving CaCl2 (0.278 g), NaCl (7.996 g), KCl 
(0.224 g), K2HPO4.3H2O (0.228 g), NaHCO3 (0.350 g), MgCl2.6H2O 
(0.305 g), Na2SO4 (0.071 g), H2NC(CH2OH)3 (6.057 g) and HCl 1 N (40 
mL) in 1000 mL deionized water at 37 ◦C [53]. 

2.7. Characterization and electrochemical measurements of the electrode 

All electrochemical measurements were carried out with three 
electrode setups at 25 ± 2 ◦C. A platinum electrode was used as counter 
and Ag/AgCl was used as reference electrode. The modified GCEs were 
studied as working electrodes. To cleaning of GCE surface from any 
environmental contamination, it was brushed in alumina and ethanol 
grout followed by washing with acetone then it was cycled in the range 

Fig. 1. (A) XRD pattern of all synthesis steps of pure γ-Bi2MoO6 after calcination in 550 ◦C (pH = 5.8) (B) XRD pattern of (BM), (BM-0.5Cys), (BM-1Cys (and (BM- 
2Cys). (C) XRD pattern of (BM), (BM-1DDA) and (BM-2DDA). FE-SEM micrograph of (D) BM-C (bullet like), (E) BM-2Cys (confetti like) and (F) BM-2DDA 
(candy like). 
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between − 1.5 and + 1.5 V (vs. Ag/AgCl), in 5 mmol L− 1 ferri/ferro 
solution (Fe(CN)6 

3-/4-). This is a routine way for pre-cleaning of elec
trode surface. As well as cyclic voltammetry measurements (CV) and 
electrochemical impedance spectra (EIS) of electrodes recorded in the 
Ferri/Ferrocyanide redox probe. Next, the modified electrodes were 
tested in PBS solution. 

Voltage range CV of was between − 1.5 and + 1.5 V at scan rate of 50 
mV s− 1 (5 cycles) in different glucose solutions (0.1–1 mmol L− 1). Also 
the chronoamperograms were recorded at +0.17 V potential in every 60 
s at 0.02 mmol L− 1 concentration. 0.05 mmol L− 1 dopamine (DA), 
ascorbic acid (AA), uric acid (UA), fructose and 0.1 mmol L− 1 glucose 
were added to buffer phosphate solution for the interference test. 
Finally, stability and repeatability test carried out in 1 mmol L− 1 glucose 
solution for best resulted biosensor (BM-2DDA/rGO/GCE) within 8 
consecutive weeks. Also for real sample testing, SBF used for negative 
control. For positive control, 50 μL of glucose with specific concentra
tion was added to SBF every 60 s. 

3. Results and discussion 

3.1. Structure and morphology characterization 

The preparation steps of pure γ-Bi2MoO6 powder (BM) was demon
strated in Fig. 1A. In the first step, temperature of the reaction was 
140 ◦C for 10 h. In this sample γ-Bi2O3 phase-related impurity was 
observed at 2θ = 27◦. Then, temperature reached to 160 ◦C which 
caused a decrease in impurities. At the final step, temperature increased 
to 180 ◦C. As can be seen from Fig. 1A, there is no extra impurity pat
terns which proves our simple synthesis method for pure phase of 
γ-Bi2MoO6. All observations approved that all peaks are related to 
orthorhombic phase of bismuth molybdate (JCPDS no. of 21–0102, a =
5.502 Å, b = 16.213 Å and c = 5.483 Å) [54]. It can be concluded that 
impurity peaks are related to accidental and irregular presence of Bi2O3 
crooked shape fluorite in MoO4 plates which disappear by the increase 
of temperature and reaction time. Gradually, MoO4

− 2 formed and island 
like L − Bi2n+4MonO6(n+1)pieces shaped by gathering together and 
assisting the construction of γ-Bi2MoO6. Finally, at high temperature, 
the rate of nucleation increases, and particles easily start shaping and 
growing. 

Fig. 1 represents FE-SEM images. Fig. 1D showed a bullet like 
morphology. As samples were synthesized in near neutral pH, acidic 
properties decreased (Table 1). As a result, acidic protons will collect on 
{100} and {001} facets. In these facets the energy levels and oxygen 
density reduce. Finally, the growth of particles may take place in vertical 
or rod shapes in {010} facet [26]. The effect of L-cysteine additive’s 
concentration on surface growth was demonstrated in Fig. 1B. By 

increasing the amount of cysteine, the intensity of (060), (212) and 
(020) planes in BM-2Cys increases in comparison with BM, whereas the 
intensity of (131) plane decreases. According to FE-SEM image in 
Fig. 1E, confetti morphology was formed. On the other hand, Table 1 
shows that the pH of solutions is acidic (~4) and the presence of 
abundant amount of H+ on {010} facet leads to adsorption of oxygens, 
which decreases the energy of this surface [55]. Therefore, the vertical 
growth in this plane is stopping and leads to form plate like morphology 
in {001} and {100} surfaces. Fig. 1C shows that the intensity of (331), 
(002) and (131) diffractions in 2 mmol dodecylamine compound 
(BM-2DDA) increases and forms multidimensional morphology which is 
slightly wider than rod and semi candy-like (Fig. 1F). In the presence of 
dodecylamine, Bi+3 can only coordinate to amine group. According to 
Table 1 this compound’s pH is less acidic than pH of cysteine’s solution, 
so the growth of structures in all {100}, {001} and {010} surfaces is 
possible. According to some recent research, the presence of dodecyl
amine leads to the sphere-like morphology of metal oxides [56,57]. 

FT-IR spectra (Fig. 2) shows various synthesized bismuth molybdate 
samples. Fig. 2A concerns the pre calcined BM-C (P-BM-C) sample which 
is synthesized at 180 ◦C for 10 h and BM-C which was calcined at 550 ◦C 
for elimination of impurities. Small and wide peak in 3419 cm− 1 is 
related to stretching vibration of O-H group. Two peaks around 844 and 
780 cm− 1 are related to MoO6’s symmetric and asymmetric vibration of 
axial oxygen atoms, respectively. A very sharp peak at 729 cm− 1 is 
related to asymmetric stretching of equatorial oxygen atoms in MoO6 
and also bending vibration of MoO6 can be observed at 555 cm− 1. The 
stretching and bending vibrations of BiO6 were indicated as a small peak 
around 457 cm− 1 [58,59]. Fig. 2B is related to the bismuth molybdate 
synthesized with L-cysteine (2 mmol) assistance; it is shown as pre 
calcined BM-2Cys (P-BM-2Cys) and BM-2Cys after calcination at 600 ◦C 
for removing of cysteine. In FT-IR spectra of cysteine, 1532 and 1580 
cm− 1 vibrations correspond to single and double bonds of the amino 
acid. These vibrations are shifted to 1626 and 1719 cm− 1 in P-BM-2Cys 
and BM-2Cys compounds that are related to single and double bonds of 
acyl amine group (-CO-NH2-), respectively with weak intensity which is 
almost disappeared. The peak of N-H at 2080 cm− 1 and the sharp peak of 
S-H at 2549 cm− 1 are also disappeared. The growth mechanism and 
crystalline orientation of the compound proved that S-H and N-H 
functional groups have great tendency to link to Bi metal ion [60]. Three 
FT-IR spectra in Fig. 2C are related to dodecylamine (DDA), bismuth 
molybdate synthesized with 2 mmol dodecylamine before calcination 
(P-BM-2DDA) and the calcined form of it at 600 ◦C (BM-2DDA). 2853 
and 2919 cm− 1 vibrations in DDA are relevant to stretching of C-H band, 
while the sharp peak at 3330 cm− 1 is assigned to N-H (amine) group 
which is completely faded in (P-BM-2 DDA) [61]. 1381 and 1464 cm− 1 

peaks are relevant to CH3 and CH2 bending vibrations, which are 

Fig. 2. FT-IR spectrum of (A) Before and after calcination of BM-C, (B) Pure L-cysteine, before and after calcination of BM-2Cys, (C) Pure dodecylamine, before and 
after calcination of BM-2DDA. 
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weakly, appeared in P-BM-2DDA. It can be concluded that at high 
temperature (after calcination at 600 ◦C), dodecylamine and L-cysteine 
(organic additives) are excluded because of the lack of related vibra
tional peaks. 

3.2. Characterization of different electrodes by CV and EIS 

To evaluate the different electrodes, a 5 mmol L− 1 Fe(CN)6
3− /4- so

lution was used as electrochemical probe. The electrochemical behavior 
of the probe was investigated at the surface of bare GCE, BM-C/rGO/ 
GCE, BM-2Cys/rGO/GCE and BM-2DDA/rGO/GCE using CV method 
(Fig. 3A). The separation of the oxidation and reduction peak potentials 
in the ferri/ferro solution at the surface of GCE was 480 mV representing 
that the conversion of Fe2+ to Fe3+ is slow. However, the oxidation- 

reduction peaks current of the probe at the surface of BM-C/rGO/GCE, 
BM-2Cys/rGO/GCE and BM-2DDA/rGO/GCE were higher than the 
surface of GCE, as well the potential difference between the redox peaks 
was fewer than bare GCE, which indicate reversible reaction. The EIS 
was applied as a powerful method to investigate the improvement of the 
electrochemical behavior of the GCE toward the used probe during 
different steps of modification by comparing the electron transfer 
resistance (Rct) given from the semicircle parts of obtained curves [62]. 
According to Fig. 3B, the values of Rct at the surfaces of bare GCE, 
BM-C/rGO/GCE, BM-2Cys/rGO/GCE and BM-2DDA/rGO/GCE resulted 
from the Nyquist plots were 13.32 (±0.05), 5.24 (±0.03), 0.19 (±0.03) 
and 0.18 (±0.01) KΩ, respectively. The decreased values at the surface 
of BM-C/rGO/GCE, BM-2Cys/rGO/GCE and BM-2DDA/rGO/GCE in 
compare with bare GCE is resulted from the synergetic effect of 

Fig. 3. (A) CVs and (B) Nyquist plots of the GCE, BM-C/rGO/GCE, BM-2Cys/rGO/GCE and BM-2DDA/rGO/GCE in 5 mmol L− 1 Fe(CN)6
3− /4- solution.  

Fig. 4. Typical CV curve of electrodes. All CV was done in PBS solution with 0.1–1 mmol L− 1 concentration of glucose and absence of it with scan rate 50 mV s− 1 (A) 
BM-A, (B) BM-B and (C) BM-C. (D) Schematic representation of the electrocatalytic oxidation mechanism of glucose at Bi2MoO6 modified GCEs. 
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nanoparticles and reduced graphene oxide, which cause increasing the 
electron transfer rate. 

3.3. Electrochemical behavior of the modified electrodes 

All electrochemical experiments were done in buffer phosphate and 
CVs were measured in the voltage range of ±1.5 V. In Fig. 4 the CVs 
illustrate the purification steps of bismuth molybdates at different 
temperatures. Fig. 4A corresponds to the synthesis of BM-A/rGO/GCE at 
140 ◦C for 10 h, which is combined simply and physically with gra
phene, then deposited on GCE. The modified electrode firstly was tested 
in PBS, then measured between 0.1 and 1 mmol L− 1 concentrations of 
glucose. 

Based on the XRD analyses of Fig. 1A, a great amount of Bi2O3 im
purities exists. As a result, two oxidation peaks in CV are related to 
Bi2MoO6 and Bi2O3 at +0.17 and − 0.2 V, respectively. Fig. 4B shows the 
CV of BM-B/rGO/GCE synthesized at 160 ◦C for 10 h; the second sharp 
peak which is related to Bi2O3 is slightly reduced in − 0.2 V while the 
intensity of the first peak remains constant. 

Fig. 4C is related to a pure single phase of Bi2MoO6 synthesized at 
180 ◦C for 10 h which was combined with graphene and incorporated on 
electrode (BM-C/rGO/GCE). According to XRD pattern (Fig. 1A), Bi2O3 
impurity is removed. Therefore, only pure phase played the oxidation 
and reduction on the surface of electrode (Fig. 4C). Increasing the syn
thesis temperature of pure bismuth molybdate leads to fading of the 
oxidation peak in negative region. 

As we could not find any research about glucose identification by 
bismuth molybdate, considering evidences and studies for other sensors 
and interesting catalytic properties of this structure, a hypothesis can be 

proposed that glucose identification in specific voltage region can be 
observed. Fig. 4D illustrates schematic representation of the electro
catalytic oxidation mechanism of glucose at Bi2MoO6 modified GCEs. 
According to electrochemical behavior of γ-Bi2MoO6 [63], distribution 
of oxygen network plays an important role in oxidation reaction and its 
redox reaction is considerably different from the metal oxides, so the 
peak point at high positive voltage region is related to γ-Bi2MoO6. Ac
cording to predictions, a Bi-O− 2 is replaced with nearest Mo-O− 2 bond 
and after that, oxygen vacancy is filled. On the other hand, in electro
catalytic activity of molybdenum oxide recorded by Density Functional 
Theory (DFT) analyses it was proved that electron transportation takes 
place from glucose oxygen’s p orbital to molybdenum’s d orbital which 
are in the nearest position to each other [7,63]. 

Triple peaks in Fig. 5 A, B and C also demonstrate the glucose 
identification by (BM-C/rGO/GCE), (BM-2Cys/rGO/GCE) and (BM- 
2DDA/rGO/GCE) biosensors. As an example, Fig. 4A is related to bullet 
morphology. At first, bare electrode was tested in buffer phosphate so
lution (pH = 7) and then the modified electrode combined with (BM-C/ 
rGO/GCE) sensor tested by CV in PBS solution and in the absence of 
glucose. In final step, biosensor was tested in solution containing 0.1 
mmol L− 1 glucose. We found the interesting fact that in the presence of 
glucose, electrooxidation capability increased in the sensor. Besides the 
oxidation peak increased considerably in absence of glucose. So CV 
curves were similar to bare electrode in PBS and a nominal redox is 
observed. These two steps were repeated for two other biosensors with 
confetti and candy-like morphologies (Fig. 5B and C). Therefore, 
considerable increase in oxidation-reduction peak is observed in all 
three Figures, due to increase of glucose concentration in solution. The 
connection between different concentrations of glucose in electrolyte 

Fig. 5. CV of (A) simple GCE in PBS, BM-C/rGO/GCE in PBS and BM-C/rGO/GCE in 0.1 mmol L− 1 glucose for the samples, (B) simple GCE in PBS, BM-2Cys/rGO/ 
GCE in PBS and BM-2Cys/rGO/GCE in 0.1 mmol L− 1 glucose for the samples and (C) simple GCE in PBS, BM-2DDA/rGO/GCE in PBS and BM-2DDA/rGO/GCE in 0.1 
mM glucose for the samples. Different concentrations of glucose 0.1–1 mmol L− 1 for (D) BM-C/rGO/GCE, (E) BM-2Cys/rGO/GCE and (F) BM-2DDA/rGO/GCE. 
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and the intensity of peaks was investigated in CV charts (Fig. 5). Glucose 
concentration between 0.1 and 1 mmol L− 1 for all (BM-C/rGO/GCE), 
(BM-2Cys/rGO/GCE) and (BM-2DDA/rGO/GCE) biosensors can be 
observed in Fig. 5D, E and F. An excellent performance for direct 
oxidation of glucose was noted: clear increase of the current for a slight 
increase in glucose amount. 

3.4. Amperometric detection of glucose 

Amperometric i-t curves in optimized constant voltage (+0.17 V) and 
optimized rmp stirring (115) with scan rate of 50 mV s− 1 were recorded 
to determine the sensitivities (Fig. 6). The current responses of amper
ometric i–t curves increase with the glucose concentration. As can be 
seen in the chronoamperomograms, current was increased after addition 
of the lowest amount of glucose (0.02 mmol L− 1) into the 0.1 mol L− 1 

PBS solution in every 60 s. For all three sensors of BM-C/rGO/GCE, BM- 
2Cys/rGO/GCE and BM-2DDA/rGO/GCE, standard calibration curve 
from the lowest to the highest concentration of glucose (0.02–0.14 
mmol L− 1) was plotted and a very exact line equation and curve slope 
were obtained (Fig. 6A, B and C). Moreover, detection limit and sensi
tivity with S/N = 3 for these biosensors were calculated (Table 2). In this 
study, γ-Bi2MoO6 is reported as a non-enzymatic glucose biosensor for 
the first time. Fortunately, in comparison with other research reports of 
other existed sensory materials, which were illustrated in Table 2 along 
with our results, γ-Bi2MoO6 revealed very good sensitivities (2290, 2356 
and 3050 μA mM− 1 cm− 2 for BM-C/rGO/GCE, BM-2Cys/rGO/GCE and 
BM-2DDA/rGO/GCE, respectively). 

Fig. 6. Chronoamperomograms of 3 sensors (A) BM-C/rGO/GCE, (B) BM-2Cys/rGO/GCE and (C) BM-2DDA/rGO/GCE and their calibration curves.  

Table 2 
Performance comparison of the glucose sensors in this work with other literatures.  

Electrode composition Type of biosensor Sensitivity (μA L mmol− 1 cm− 2) Detection limit (mmol L− 1) Linear range (mmol L− 1) year Ref 

p-NiO/n-Bi4Ti3O12 Enzymatic 215 0.001 0.02–3.55 2018 [64] 
BiVO4 Non-enzymatic …. 0.0001 0–5 2019 [6] 
HO-BiONO3 Non-enzymatic 8.2 × 102 0.0001 0.005–2.1 2016 [65] 
BiOCl/TiO2 Non-enzymatic 0.417 0.0057 0–1.3 2014 [66] 
MoO3 Non-enzymatic 15.4 0.005–0.175 … 2017 [7] 
MoS2-NiCo2O4 Non-enzymatic 1748.58 0.00015 0.001–11.1 2017 [67] 
MoS2-CuS Non-enzymatic … 0.0003 0.001–0.1 2017 [68] 
Au-Pd/MoS2 Non-enzymatic 184.9 0.40 0.5–20 2017 [69] 
Ni-MoS2/rGO Non-enzymatic 256.1 0.00015 0.005–8.2 2017 [70] 
BM-C/rGO/GCE Non-enzymatic 2290 0.006 0.02–0.14 2019 This work 
BM-2Cys/rGO/GCE Non-enzymatic 2356 0.006 0.02–0.14 2019 This work 
BM-2DDA/rGO/GCE Non-enzymatic 3050 0.004 0.02–0.14 2019 This work  

A. Khazraei et al.                                                                                                                                                                                                                               



Talanta 221 (2021) 121560

8

3.5. Selectivity toward glucose 

Interfering test is an important issue for non-enzymatic electro
chemical glucose sensors. 0.5 mmol L− 1 concentration of ascorbic acid 
(AA), uric acid (UA), dopamine (DA) and fructose solutions were made, 
and in constant voltage of +0.17 V and specified time, were added to the 
buffer phosphate solution. Furthermore, 0.1 mmol L− 1 glucose solution 
was added to the PBS solution in first and last step of this investigation 
(Fig. 7A). According to the three charts of Fig. 7A, no response of 
interfering species is noticeable and the sensitivity of sensors among 
other biomolecules about glucose sensing is very impressive. As 
mentioned before, among all three final compounds, BM-2DDA/rGO/ 
GCE with candy like morphology showed better sensitivity (3050 μA 
L mmol− 1 cm− 2). According to the results, the best performance is 
achieved by altering to semi sphere morphology [16]. Thus, stability 
and repeatability tests were done on the above mentioned best 
biosensor. 

3.6. The repeatability, reproducibility, stability of BM-2DDA/rGO/GCE 
sensor 

Repeatability refers to precision of a sample by successive mea
surements, whereas reproducibility demonstrates the closeness of the 
results, using the same method under various conditions (different 
electrodes) [16,71]. 

Repeatability of (BM-2DDA/rGO/GCE) biosensor consecutively 
measured 12 times in one day with 0.1 mmol L− 1 glucose concentration 
and relative standard deviation of RSD = 1.67% was achieved. More
over, reproducibility was tested with five different (BM-2DDA/rGO/ 

GCE) electrodes in 0.1 mmol L− 1 glucose concentration and showed very 
low RSD equal to 2.21%. 

Stability is a necessary feature for all kinds of biosensors, stability 
and half-life of (BM-2DDA/rGO/GCE) electrode was investigated in 8 
weeks with glucose concentration of 0.02 mmol L− 1 (Fig. 7B). The 
modified electrode was kept at room temperature and away from 
moisture within this time. They showed maintenance of (99.65%) and 
(98.51%) of their early response after 7 and 56 days, respectively. 
Although the electrode is modified with a simple physical adsorption 
method, it showed a long-term stability and durability in comparison to 
reports which used expensive materials like Nafion and PVP [72]. 

In order to Fig. 7C shows the current response of BM-2DDA/rGO/ 
GCE for a large period of time after adding 0.02 mmol L− 1 of the ana
lyte. It can be seen that after 50 min, the sensor represented only 7% 
decrease in current. This small decrease in sensor response may be 
related to the decrease in glucose concentration decomposed by con
stant potential electrolysis. 

3.7. Reliability as biosensor in real sample 

Simulated body fluids (SBF, pH = 7) were used for testing the real 
application of electrode [53]. At first step SBF sample is used as a 
negative control. The current increase is noticeable with adding a con
stant amount of glucose to solution for positive control (Fig. 7D). In 
addition, even in the presence of different salts in simulated blood 
serum, no interruption occurred in sensing of glucose. All observations 
led to suitability of the (BM-2DDA/rGO/GCE) electrode as a simple, 
non-enzymatic and cheap biosensor in the real sample. 

Fig. 7. (A) Amperometric selective responses of BM-C/rGO/GCE, BM-2Cys/rGO/GCE and BM-2DDA/rGO/GCE at +0.17 V with 0.1 mmol L− 1 glucose and other 
electroactive biomolecules including 0.05 mmol L− 1 AA, UA, dopamine and fructose in PBS, (B) Stability of BM-2DDA/rGO/GCE in its continuous use for 8 weeks 
towards 0.02 mmol L− 1 glucose in 0.1 mol L− 1 PBS, (C) Prolonged amperometric response of BM-2DDA/rGO/GCE to the presences of 0.02 mmol L− 1 glucose in 0.1 
mol L− 1 PBS for 3000s, (D) The reliability test for BM-2DDA/rGO/GCE glucose biosensor in SBF. 
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4. Conclusions 

In summary, three pure γ-Bi2MoO6 mixed metal oxides were syn
thesized with bullet, confetti and candy-like morphologies using hy
drothermal method with/without L-cysteine and dodecylamine 
additives. A mixture of each of these compounds with reduced graphene 
oxide was deposited on three electrodes and at the end, three non- 
enzymatic glucose biosensors of BM-C/rGO/GCE, BM-2Cys/rGO/GCE 
and BM-2DDA/rGO/GCE with were prepared and showed great appli
cations. In addition, these biosensors have a high selectivity toward 
glucose even in the presence of ascorbic acid (AA), uric acid (UA), 
dopamine or fructose. Best sensitivity of 3050 μA L mmol− 1 cm− 2 with 
0.02–0.14 mmol L− 1 linear range was calculated for BM-2DDA/rGO/ 
GCE biosensor at +0.17 V in PBS, which fortunately showed lower 
electron transfer resistance, perfect repeatability, short response time, 
suitable stability and reproducibility. Outstanding performance of 
glucose detection in this biosensor can be attributed to its multidimen
sional spherical structure. Combination of BM-2DDA/rGO/GCE with 
graphene plates probably leads to a material allowing the increase of 
electron transportation speed. The detection of low concentration of 
glucose (20 μmol L− 1) by this probe is very noticeable in comparison 
with other non-enzymatic glucose sensors. Moreover, the reliability 
application of biosensor in SBF solution was completely successful. 
Consequently, and because of the simple synthesis, cheap electrode, no 
use of stabilizers, PVP, Nafion and glucose oxidase, the design of this 
system is remarkable for biomolecule sensors, gas sensors and 
photocatalysts. 
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