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Abstract In this work, gadolinium titanate (GT = Gd2Ti2O7) nanoparticles were synthesized

using expired vials of B12 vitamins (reusing the waste) as a capping agent and reductant by a

sol–gel technique. Then, GT/N-GQD (nitrogen-doped graphene quantum dots) nanocomposite

was prepared by synthesis of N-GQDs in presence of the GT nanoparticles. Next, this nanocompos-

ite was used for photodegradation of hydroxychloroquine sulfate (HCQ) as a multi-function drug

with a long half-life during the photocatalytic reactions under visible light. Because of the necessity

of measuring the concentration of this drug in human blood serum, tablets, and wastewater, this

nanocomposite was utilized as an electrochemical sensor for its detection. Finally, photocatalytic

activity of this nanocomposite was approved by 76 % degradation percent of HCQ and the limit

of detection (LOD) equals 0.064 nM confirmed that this sensor is the most sensitive sensor prepared

for measurement of HCQ, up to now. Since acetaminophen (AC) is one of the most commonly used

drugs which is usually consumed along with HCQ, the performance of this sensor was examined in

presence of it. The results showed that the presence of AC couldn’t affect the performance of the

sensor. The obtained results were supported by a variety of analyses.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Sensors are devices that can respond to various stimuli such as sound,

heat, magnetism, light, pressure and etc. In addition, the change in

material properties can be measured by transmitting a resulting electri-

cal impulse (Amoli et al., 2019). There are different types of sensors;

one of the most important sensors is electrochemical sensors which uti-

lizes an electrode as a transformer element in presence of an analyte

(Qian et al., 2021). Today, these sensors have developed because of

their ability to detect the various biological, physical, and chemical

parameters (Zhu et al., 2021).

The unique properties of nanomaterials, induced by the quantum

effects and high ratio of surface to volume, have developed their appli-

cations in various fields (Wu et al., 2020). Despite the different meth-

ods used for synthesis of nanomaterials, sol–gel is known as one of the

best techniques that has diverse advantages such as: production of

products with high purity and homogeneity, no need for expensive

equipment, and using the simple and available precursors. Hence the

various compounds were prepared by this technique (Mahdi, et al.,

2022, 2020, 2021). The Conflation of sensors and nanotechnology

has opened a new window for researchers. So, presenting the new man-

ufacturing techniques and strategies for improvement of selectivity and

detection limits of sensors can be considered as a new potential arose in

this field (Mustafa et al., 2017).

Detection and measurement of drugs are so important in the phar-

maceutical industry, also providing a selective and sensitive approach

can play an important role in the development of this industry. How-

ever, different techniques have been performed for this aim, but the

voltammetry carbon paste sensors (a mixture of graphite and pasting

liquid) have attracted a lot of attention because they have many advan-

tages such as surface recovery, inertness, stability and it has no need to

the internal solution (Arguelho et al., 2003; Khalil et al., 2018).

Upgrading the sensor performance can be done by modifying the elec-

trode surface using carbon materials (Ganjali et al., 2010; Li et al.,

2017; Tang et al., 2022), ionic liquid (Negahban et al., 2017), zeolites

(Fekrya et al., 2020), metal–organic framework (Xin et al., 2020),

metal oxide nanoparticles (Santhosh et al., 2020), composites (Chen

et al., 2020; Kumar et al., 2020), and etc. Graphene quantum dots

(GQD) with fascinating properties such as biocompatibility, good elec-

trical conductivity, strong and adjustable luminescence light, and high

specific surface area are one of the nanomaterials that are used for this

purpose. The electronic performance and active sites of GQD can be

increased by entering the heteroatoms such as nitrogen in the structure

of it (N-GQD) (Li et al., 2009; Liu et al., 2011). Simultaneous utiliza-

tion of the unique properties of GQD and nanoparticles is provided by

the preparation of nanocomposites. There are many reports about

using nanomaterials as sensors for detection of the specific objects.

Gd2Ti2O7 is one member of titanate pyrochlore family, with the

general formula A2Ti2O7 (A = trivalent rare-earth ions) and the

diverse applications (Mori et al., 2003; Sobhani-Nasab et al., 2019),

has been synthesized by various methods including sol–gel (Zhang

et al., 2018), auto-combustion (Jeyasingh et al., 2017), microwave

(Tang et al., 2016), and ultrasonic techniques (Valdés-Ibarra et al.,

2019). According to the previous studies, the electrochemical capacity

of this compound can be impressed by carbon species (Ashrafi et al.,

2019; Ganganboina et al., 2018; Muthusankar et al., 2020). So, this

property can be useful for using this compound as a sensor.

As said above, combination of compounds as a nanocomposite can

improve the properties of materials, so Gd2Ti2O7/N-GQD nanocom-

posites were prepared in this work. On the other sides, its application

as a sensor for detection and measurement of HCQ was studied. HCQ

as an anti-malaria drug is one of the derivatives of 4-aminoquinolone

compounds what is used as a candidate to treat the some diseases such

as polymorphic light eruptions, inflammatory, porphyria cutanea

retardant (Ben-Zvi et al., 2012; Mibner and Kellner, 2012;

Nimgampalle et al., 2020). However, the hydroxyl group on the side

chain reduces its toxicity to chloroquine but overuse of it can have
dangerous side effects on the outer retina and heart (Bansal et al.,

2021). So, a proper sensor with high sensitivity and selectivity can

decrease the side effects induced by drug association in body (terminal

elimination half-life of HCQ is more than 40 days). On the other sides,

long half-time of this drug can be dangerous for environment, so elim-

ination of this drug from waste-water should be considered as a nota-

ble phenomenon for environmental purging. Therefore, potential of

the as-prepared nanocomposite as a visible-active photocatalyst for

removing this drug was investigated. High degradation percent of

HCQ existed in an aqueous solution confirmed the performance of this

nanocomposite as an effective photocatalyst for elimination of this

drug. Since HCQ remains in diverse environments for a long time,

detection and elimination of HCQ should be valuable. So, the as-

prepared nanocomposite, with dual applications as the sensor for

detection of HCQ and the photocatalyst for elimination of this drug,

can be considered as an eco-friendly product. Synthesis of GT nanos-

tructures with expired-date vials of B12 vitamin was another case for

this claim. Although, the expired-date vials of B12 vitamin are useless

but can be used for synthesis of nanomaterials. It should be noted that,

the performance of the as-prepared sensor was without change in pres-

ence of AC that is usually consumed along with HCQ, simultaneously.

The products were characterized by various analyses including XRD,

SEM, TEM, EDS, and BET. Electrochemical sensing studies were

done by unmodified CPE and modified GT/CPE by cyclic

voltammetry.

2. Experimental

2.1. Materials and characterization

All materials were prepared of analytical grade without further

purification. Ti(OBu)4, Gd(NO3)3�6H2O, ethanol, vitamin B12
(cyanocobalamin, VB12), ethylene diamine (EN), Hydroxy
chloroquine (HCQ), Acetaminophen (AC), graphite powder,

paraffin, K3Fe(CN)6, K4Fe(CN)6, H3PO3 and NaOH were
purchased from Sigma-Aldrich, Merck or Pharmaceutical
Company of Iran. Britton-Robinson buffers 0.2 M (in the

pH range of 4.0–11.0) were prepared from 0.2 M of phosphoric
acid, acetic acid, boric acid, and NaOH.

XRD (X-ray diffraction) patterns were collected from a
diffractometer of the Philips Company with X’PertPro

monochromatized Cu Ka radiation (k = 1.54 Å). Microscopic
morphology of the products was studied by FESEM (field
emission scanning electron microscopy) (Mira3 tescan) and

TEM (transmission electron microscopy) (HT-7700). EDS (en-
ergy dispersive spectrometry) analysis was studied by XL30,
Philips microscope. Room temperature magnetic properties

were investigated using a vibrating sample magnetometer
(VSM, made by Meghnatis Daghigh Kavir Company) in an
applied magnetic field sweeping between ± 10000 Oe. The

UV–vis diffuse reflectance spectrum has been recorded with
the aid of a UV–vis spectrophotometer (Shimadzu, UV-2550,
Japan) in a range between 200 and 700 nm.

2.2. Fabrication of Gd2Ti2O7 nanostructures

Gd2Ti2O7 nanostructures (GT) were synthesized through a
synthetic procedure as shown in Scheme 1. Mechanism of syn-

thesis is similar to that reported in Ref. (Valian et al., 2022b).
Initially, 0.3 g of gadolinium nitrate hexahydrate, and 0.226 ml
(226 lL) of tetra-n-butyl orthotitanate (Ti (OBu)4) (molar

ratio of Ti: Gd = 1:1) were dissolved separately in some etha-
nol, then were added together. Then the expired-date vial of



Scheme 1 The proposed mechanism for synthesis of GT nanostructure using vitamin B12 by auto-combustion sol–gel technique.
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B12 vitamin (1000 mcg/mL) was added as a capping agent to
the above solution while it was slowly stirred and heated at

about 90 �C. Finally, the uniform gel was formed and dried
at 70 �C for 24 h in a vacuum oven. Next, the resulted powder
was calcined at 800 �C for 2 h. The preparation conditions of

Gd2Ti2O7 nanostructures (GT) and GT/N-GQD nanocompos-
ite are described in Table 1.

2.3. Fabrication of GT/N-GQD nanocomposites

GT/N-GQD nanocomposite was prepared by a simple one-
step hydrothermal process using citric acid (CA), ethylene dia-

mine (EN), and GT nanostructures. In summary, 100 mg of
CA and 0.4 ml of EN were dissolved in 15 ml of distilled water
to form a transparent solution. Afterward, 20 mg of the pre-
pared GT nanostructures (that prepared in section 2.2) was

added to the solution and put in a 25 ml autoclave of
Teflon-lined stainless steel and kept at 180 �C for 10 h. Then,
the dark brown solution was filtered through a 0.22 lm filter
Table 1 Preparation conditions of Gd2Ti2O7 nanostructures

(GT) and Gd2Ti2O7/nitrogen-doped graphene quantum dots

(GT/N-GQDs) nanocomposite.

Sample No. Calcination

Temperature (oC)

Capping

agent

The product

(based on XRD)

1 800 B12 Vitamin GT

2 800 – GT/TiO2

3 800 B12 Vitamin GT/N-GQDs
membrane, and the GT/N-GQD nanocomposite was washed
several times with ethanol and distilled water to remove impu-

rities. Finally, the product was dried in an oven at 60 �C for
3 h.

2.4. Fabrication of bare electrode and GT/N-GQD based
electrochemical sensor

Electrochemical characteristics of the modified electrodes were

measured using the voltammetry technique in a conventional
three-electrode cell including a carbon paste electrode modified
with GT/N-GQD nanocomposite (GT/N-GQD/CPE) as the

working electrode, Ag/AgCl electrode saturated with KCl
(3.0 M) as the reference electrode, and a platinum wire
(Metrohm, Switzerland) was evaluated as the contour elec-
trode.. In this system, the working electrode had contained a

carbon paste electrode (CPE) modified with GT/N-GQD
nanocomposite. GT/N-GQD/CPE was ready using 0.06 g of
GT/N-GQD nanocomposites and 10.0 ml deionized water.

For better homogenization, the mentioned suspension was dis-
persed in an ultrasound bath for 30 min, and then it well mixed
with 0.44 g of graphite powder. Following the vaporizing

water, the carbon paste was ready by hand-mixing of about
0.2 ml of paraffin oil with the above mixture. Finally, the mix-
ture was mixed for 70 min until a uniformly wet paste was
resulted. All electrochemical measurements were performed

in Briton-Robinson buffer (BR-buffer, 0.2 M) in a mixture
of H3BO3, H3PO4 and CH3COOH with a volume ratio of
1:1:1. The formed carbon paste was manually packed into a

Teflon syringe (U = 2.0 mm). The external electrical connec-
tion was established by embedding a copper wire in the tube
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(Valian et al., 2022a). Unmodified carbon paste electrode was
prepared by hand-mixing of 0.5 g of graphite powder plus
paraffin. For comparison, GT/CPE, and N-GQD/CPE were

prepared by a similar process.

2.5. Real samples preparation

Human serums were received from a healthful proffer and
patients’ ones that consumed the HCQ at Shahid Beheshti hos-
pital (Kashan, Iran). The serum was centrifuged at 3000 rpm

(10 min) and was kept at 4 �C for phase separation. This serum
was diluted 500 times with 0.2 M Briton Robinson buffer at
pH 9.0.

Five tablets of HCQ (Amin Pharmaceutical 200 mg) were
finely powdered; the value of HCQ powder (for 1.0 mmol/L
HCQ) was dissolved in deionized water and ethanol. To com-
plete the dissolution of the solution, it was carefully sonicated

for 10 min. Ultimately, the solution was filtered through a
0.45 lm membrane filter. The pharmaceutical samples were
appropriately diluted by Briton-Robinson buffer (pH = 9.0)

to fit the linear range.
Various effluents of the pharmaceutical manufactory

(Kashan, Iran) were used to study the real samples. The sam-

ples were filtered through a 0.45 lm membrane and were cen-
trifuged to remove suspended particles. Then, the wastewater
samples were suitably diluted by Briton–Robinson buffer solu-
tion of pH 9.0 to fit the linear range.

2.6. Photocatalytic experiments

The photocatalytic process under visible light was performed

to prove the ability of GT/N-GQD nanocomposite for the
elimination of HCQ. The photocatalytic tests were carried
out under a 300 W xenon lamp as a visible light source with

a 420 nm cut-off filter (k > 400 nm). The quartz vessel includ-
ing the photocatalyst sample (0.05 g) and drug solution
(10 ppm) was 40 cm away from the lamp inside a dark box.

At the first, the mixture was aerated for 30 min to reach
adsorption equilibrium. The effective parameters on the pho-
tocatalytic degradation of HCQ were changed, so that the
maximum percent was obtained when pH of the solution

was adjusted in 3, and the concentration of drug solution
and the amount of the as-prepared nanocomposite were
10 ppm and 0.1 g, respectively. Then, the tests were conducted

at 25 �C and the admixtures were subjected to the lamp source.
Then, the absorption of solutions was recorded during the cer-
tain time range from 10 to 90 min by a UV–vis spectrometer.
Fig. 1 (a), (b) FESEM images (c), (d) XRD patterns of samples

1 and 2, respectively and (e) EDS spectrum of sample 1.
3. Results and discussion

3.1. Characterization of GT nanostructures

3.1.1. FESEM images

The development of industries causes to increase the environ-
mental pollutions, so the researchers tried to present different
ways for decreasing them. Substituting the natural materials

with lower risk rather than chemical reactants, and reusing
the materials that are considered as waste can help to decrease
pollutants. Recently, using expired-date vitamin drugs for the

synthesis of nanomaterials has developed (Jha and Prasad,
2010; Nadagouda and Varma, 2006; Prasad et al., 2010).
Although vitamins are antioxidant agents and can be used as
reductants in chemical reactions (Devaki and Raveendran,

2017; Nadagouda and Varma, 2008; Tang et al., 2017), but
their massive structures shouldn’t be ignored because they
can play as capping agents for the synthesis of nanomaterials.

Choosing the vitamins should be based on their role, for exam-
ple: vitamin C, vitamin E, and beta-carotene are three major
antioxidant vitamins and B-group vitamins such as Thiamine

(VB1), Pyridoxine (VB6), and Cobalamins (VB12) that are
water-soluble, can be used as capping agents.

Fig. 1a illustrates FESEM images of GT nanostructure syn-
thesized in the presence of VB12. To study the role of VB12 as

capping agent, a sample was synthesized without any vitamins
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and this sample was considered as a blank sample. According
to FESEM images of the blank sample (Fig. 1b), micro-sized
irregular structures with an average diameter of about

300 nm were produced without using any capping agent. So,
the role of VB12 with a massive structure was confirmed as a
capping agent.

3.1.2. XRD and EDS studies

XRD pattern can be used to identify the purity and crystal
structure of materials. According to Fig. 1c, Gd2Ti2O7 nanos-

tructures were successfully synthesized. All the diffraction lines
are in accordance with the reference pattern with the JCPDS
card No. 01-073-1698, space group: Fd3m, a = b = c:

10.18 Å, and cubic phase. The crystallite size of this sample
was estimated about 25 nm using Scherer’s equation (Eq.
(1)) as follows:

Dc ¼ K k=b cos h ð1Þ
According to this equation, K is the claimed shape param-

eter, which generally catches an amount of about 0.9, k is the
wavelength of the X-ray source, and b is defined as the width
of the diffraction line at its half- severity maximum.

Continuously, the role of vitamin B12 on the purity of the
product was investigated and the pattern related to the blank
sample was given in Fig. 1d. The formation of the TiO2 phase

as a by-product with the tetragonal phase (JCPDS 00-004-
0477), which was confirmed through the peak growth at
2h = 25.354�, along with the main product is a proof for

importance of the presence of B12 in this work.
By considering these results, it should be noted that vitamin

B12 could play two roles including: capping agent for control-

ling the growth of structures and reducing agent for progress-
ing the synthesis process through the auto-combustion sol–gel
technique. In auto-combustion technique, the reaction can be
carried at a low temperature (Birajdar et al., 2018) and pro-

duced products with higher purity and smaller size. So, TiO2

as an impurity phase was undetectable.
So, vitamins can affect the products of chemical reactions,

in addition to morphology of them.
Chemical purity and detection of elements of gadolinium

titanate nanostructures were studied by EDS analysis. As

shown in Fig. 1e, the EDS spectrum confirmed the purity of
sample 1 without any impurities.

3.2. Vitamin B12 action mechanism

In order to understand the effect of B12 on the synthesis pro-
cess, it should be study the structure of B12 (Scheme 1). As
seen, there are different sites in this molecule that can be mod-

ified, including the cyano group bound to the cobalt center, the
phosphate moiety, the propyl side-chain, (in principle) the
amide groups in the corrin ring, and the hydroxy groups on

the ribose component. So, interaction of the Ti precursor
(tetra-n-butyl orthotitanate as a precursor) and B12 can be jus-
tified as the same as the other organometallic compounds

(Pettenuzzo et al., 2017). Also, B12 could be attached to Ti
precursor as the second ligand and formed the massive com-
plex. This complex contributed to the reaction with gadolin-
ium nitrate to synthesize Gd2Ti2O7 nanoparticles by the

auto-combustion sol–gel technique (according to that shows
in Scheme 1).
3.3. Analyses of GT/N-GQD nanocomposites

3.3.1. Electron microscope images

FESEM images of the GT/N-GQD nanocomposites are shown

in Fig. 2a and b, that confirm the synthesis of mono-disperse
nanostructures with an average diameter less than 25 nm.

Fig. 2 illustrate the HRTEM of the nanocomposite, the
presence of Gd2Ti2O7 nanoparticles with an average size of

about 20 nm, along with the fine particles of GQD are detect-
able. The high-resolution images demonstrate high crys-
tallinity of the nanostructures with no irregularities. The

distance between the two crystalline planes of this sample
was 0.294 nm, which represents the crystal planes (222) of
cubic Gd2Ti2O7 crystals.

3.3.2. XRD and EDS studies

To study the purity of the synthesized N-GQD, the XRD pat-
tern of nanocomposite and components of it were given in

Fig. 3. As expected, the pattern of nanocomposite should be
encompassed both of GT nanostructures (Fig. 3a) and N-
GQD (Fig. 3b). The semi-crystalline phase of this product

(Fig. 3c) was in accordance with that reported previously
(Jasim et al., 2022; Ganduh et al., 2021). So, the successful
preparation of GT/N-GQD nanocomposite was confirmed.

Fig. 3d shows the EDS spectrum of the nanocomposite, C

and N elements induced by the presence of N-GQDs in the
nanocomposite are detectable.

3.3.3. FT-IR spectrum

Fourier transform infrared (FT-IR) is a suitable instrument,
which can be used to understand most of the polar bonds
and functional groups. FT-IR spectrum of sample 1 (S1)

shows a wide absorption at 3440 cm�1 and a weak band of
about 1600 cm�1 that can be related to the stretching vibra-
tions of the hydroxyl groups due to adsorbed water molecules.

The mild band that appeared at 2922 cm�1 can be corre-
sponded to the CAH stretching of CH3 and CH2 groups of
ethyl alcohol and Ti(OBu)4 (Velasco et al., 1999). According

to this spectrum, the bands located at the range of 400–
580 cm�1 are ascribed to MAO stretching vibrations, and
the band at about 454 cm�1 related to Gd–O a stretching
vibration that confirms the structure of titanate pyrochlore

(Gokul Raja et al., 2020). FT-IR spectrum of sample 3 (GT/
N-GQD nanocomposite) shows in Fig. 4. In addition, the
peaks mentioned with slight red-shifted of the absorption loca-

tion, the characteristic bands for stretching vibration of
‚CAH at 782 cm�1, CAO at 1052 cm�1, CAN at
1386 cm�1, C‚C at 1553 cm�1 and C‚O at 1658 cm�1 are

ascertained (Li et al., 2017). The results clearly indicate that
the resulting nanocomposite contains N-containing functional
groups and COOH.

3.3.4. BET analysis for GT/N-GQDs nanocomposites

N2 adsorption/desorption isotherm and BJH plot of GT/N-
GQD nanocomposites are shown in Fig. 5a and b. This tech-

nique is employed to identify the specific surface area, pore
diameter, and specific pore volume of porous and nano-scale
materials. The isotherm related to sample 3, could be consid-

ered as type III isotherm with an H3 hysteresis loop. The total
pore volume, surface areas, and average pore diameter for this



Fig. 2 (a, b) FESEM micrographs and (c-f) HRTEM images of sample 3.
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sample were estimated at about 0.1094 cm3/g, 50.046 m2 g�1,
and 8.7419 nm, respectively.

3.3.5. Optical properties

By considering the related works, it was confirmed that Gd2-
Ti2O7 is a p-type semiconductor and N-GQD is a n-type semi-
conductor. So, it can be said that the as-prepared
nanocomposite is a n-p heterojunction that increases the pho-
tocatalytic efficiency by increasing the absorption (the role of
N-GQD as photosensitizer) and decreasing the recombination
of photogenerated charge carriers (the role of N-GQD as an

electron acceptor). The performance of GQD as electron
acceptor and photosensitizer were demonstrated in ref. (Min
et al., 2017). It should be noted that the presence of N as



Fig. 3 XRD patterns of samples:(a) 1, (b) nitrogen-doped graphene quantum dots (N-GQDs), (c) 3 and (d) EDS spectrum of sample 3.
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Fig. 4 FT-IR spectrum of sample 3.

Fig. 5 (a) N2 adsorption/desorption isotherm and (b) BJH plot

of sample 3.
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dopant in GQD improves the absorption in visible range so
that it is a promising material for preparation of visible-
active photocatalysts (Xie et al., 2017).

As shown in refs. (Adel et al., 2021; Sun et al., 2019), N-
GQD represents two absorption bands at about 235 and
340 nm which could be attributed to the p-p* transition of aro-

matic C‚C domains and the n-p* transition of C‚O or
C‚N, respectively . In addition, DRS spectrum of Gd2Ti2O7

as a semiconductor represents an absorption band at 327 nm

and band gap calculated for it was reported 3.2 eV by Tauc
equation:

ahmð Þn ¼ B hm� Egð Þ ð2Þ
where Eg is the band gap energy, ht is energy of photon, B is a

constant and n is the power factor of the transition mode. For
Gd2Ti2O7, n = 0.5 that means optical transitions are permit-
ted, directly (Parida et al., 2011).

In order to find the effect of N-GQD on the optical proper-
ties of Gd2Ti2O7, DRS spectrum of this nanocomposite was
given in Fig. 6a. The presence of two absorption bands at

about 242 and 337 nm proved the presence of both of com-
pounds. The broad peak at 330–340 nm consists the absorp-
tion bands of N-GQD and Gd2Ti2O7, together. As is shown
clearly, the absorption bands of nanocomposite in comparison

with the pristine constituents shifted to lower wavelength
(Red-shift) that is induced by incorporation of N-GQD and
interaction between Gd2Ti2O7 and N-GQD (Xu et al., 2017).

Band gap of this nanocomposite was calculated by Tauc equa-
tion. As shown in Fig. 6b, the band gap of the as-prepared
nanocomposite (2.88 eV) is lower than pristine Gd2Ti2O7

(3.2 eV). It can be justified by indirect optical transitions that
Fig. 6 (a) DRS spectrum and (b) (Aht)n versus ht curve of the

as-prepared nanocomposite.
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is induced by presence of N-GQD which increases absorption
intensity and decreases band gap through the p-n heterojunc-
tion configuration.

3.4. How to interact GT nanoparticles with N-GQDs

It seems that, the functional groups at edges of N-GQDs

(COOH and N-containing functional groups) can be agent
attaching to GT nanoparticles that have dangling bonds
(Calestani, 2019). Consequently, N-GQDs are attached to

GT nanoparticles and they couldn’t remove during the process
by washing and filtration. In fact, GT nanostructures as the
first phase are substrates that GQDs as the second phase were

put on them.
Fig. 7 Cyclic voltammograms of 5.0 mM [Fe(CN)6]
3-/4- in

Britton–Robinson buffer (pH = 7.0) at the surface of: (a) CPE,

(b) N-GQDs/CPE, (c) GT/CPE, and (d) GT/N-GQDs/CPE, scan

rate 100.0 mVs�1.

Fig. 8 Cyclic voltammograms of (a) GT/N-GQDs/CPE in Britton–R

the surface of different platforms (b) CPE, (c) N-GQDs/CPE, (d) GT
3.5. Electrochemical sensing studies

The electrochemical behavior of GT/N-GQD/CPE, GT/CPE,
N-GQD/CPE, and unmodified CPE were investigated by cyclic
voltammetry (CV) in the electrolyte of 0.1 M phosphate buffer

containing a redox probe (5.0 mM K4Fe(CN)6 and K3Fe
(CN)6) at a scan rate of 100.0 mVs�1. Fig. 7a-c demonstrates
the anodic peak current (Ipa) of the unmodified electrode (a-
curve) should be improved by modifying the electrode as

GT/CPE electrode (b-curve), and N-GQD/CPE electrode (c-
curve), this modification can multiply this current. Also, DEp

for the GT/CPE electrode (311 mV) was lower than which

resulted from the bare CPE (417 mV). When the GT/CPE elec-
trode was implied, the Ipa increased and the DEp decreased in
the oxidation peak potential, so the acceptable conductivity

and the larger electroactive surface area of Gd2Ti2O7 nanos-
tructures was proved. This is induced by improving the elec-
tron transfer rate constant of Fe(CN)6

3�/4� redox reaction

(Shahamirifard et al., 2018). According to the d-curve, the
GT/N-GQD/CPE electrode presents an impressive upgrade
in Ipa compared to the others. This phenomenon can be
explained by increasing the attraction of Fe(CN)6

3-/4-on the

surface of the electrode by adding the N-GQD as GT/N-
GQD nanocomposite.

The electroactive surface area that is termed the real surface

area can be calculated using the Randles-Sevcik equation
(Bard, 1980). This parameter for bare CPE, GT/CPE, and
GT/N-GQDs/CPE were obtained at 0.021, 0.055, and

0.068 cm2, respectively. These results clearly reveal that GT/
N-GQDs/CPE can provide an effective sensing performance
as compared to the other electrodes.

3.5.1. Electrocatalytic properties of the GT nanostructures and
GT/N-GQD/CPE

Fig. 8a-c illustrate the cyclic voltammogram responses of the

modified and unmodified electrodes in the absence and pres-
obinson buffer (pH = 9.0), and CV responses to 70.0 lM HCQ at

/CPE and (e) GT/N-GQDs/CPE, scan rate 100.0 mVs�1.



Fig. 9 (a) Cyclic voltammograms of HCQ in Britton–Robinson buffer (pH = 9.0) at the surface of GT/N-GQDs/CPE, using various

scan rates: 20–120 mV s�1 (from inner to outer) and (b) peak current, Ip (lA) vs t1/2.
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ence of HCQ at a concentration of 70.0 lM in Britton-
Robinson buffer (pH 9.0). The oxidation reaction of HCQ is
dependent to pH, so pKa amounts of the functional groups

of this drug can present the different oxidation peaks (de
Oliveira S. Silva et al., 2021). The second anodic peak did
not show sufficient sensitivity, so the first anodic peak was

used in in this study. The GT/N-GQD/CPE modified electrode
showed better electrocatalytic oxidation behavior towards
HCQ. According to cyclic voltammograms in this figure, an

electrochemically irrevocable process due to the absence of
cathodic peak on the reverse scan within the considered poten-
tial range (0–1.0 V) is detectable. As evidenced, the oxidation
peak current at the bare CPE (0.17 lA) is weak (a-curve) with

an oxidation potential of 0.590 V. By contrast, at the modified
electrodes surface N-GQD/CPE (1.82 lA) (c-curve) and GT/
CPE (2.51 lA) (d-curve), the peak current enhances by improv-

ing the electron transfer rate for HCQ, and the anodic peak
potential of HCQ decreased to 0.570 V. These results showed
that the presence of Gd2Ti2O7 nanostructures along with the
nitrogen-doped graphene quantum dots affects the anodic
peak current (4.26 lA, e-curve) of the electrode, gradually.

Excellent electrocatalysis characteristics, good biocompatibil-
ity, fine electrical conductivity, high surface area, and more
electroactive interaction sites are advantages of it. Thus, it is

clear that the suggested modified electrode can provide a par-
ticular way for sensitive electrochemical determination of
analytes.

3.5.2. Scan rate dependence study

The influence of scan rate on the electro-oxidation of HCQ
using the GT/N-GQD/CPE was investigated by CV (Fig. 9a)

to receive feedback about the electrochemical mechanism from
the affiliation between anodic peak oxidation current Ipa (lA)



Fig. 10 (a) Differential pulse voltammograms of HCQ at various percent of GT/N-GQDs modifier at the surface of GT/N-GQDs/CPE,

and (b) DPV Intensity of HCQ, I (lA) vs % w/w of GT/N-GQD to graphite powder at the surface of GT/N-GQDs/CPE.
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and potential scan rate, t (mV s�1). Following Fig. 9b, the
change in the anodic current was a linear function of the

square root of the scan rate, ranging from 20.0 to 120.0 mV s�1,
and it can be expressed as:

Ipa ¼ 0:3092 m0:5 � 0:8009 R2 ¼ 0:9902
� � ð3Þ

These results propose that the electrode process of HCQ
was diffusion controlled (Deroco et al., 2014).

3.5.3. Optimization of experimental conditions

3.5.3.1. Effect of the nanostructures amount. Since the anodic
peak current depends on the conductivity of the electrode,

the amount of modifier can be considered as an effective
parameter. So, the effect of the loading amount of modifier
on the electrochemical behavior was investigated by differen-

tial pulse voltammetry (DPV). Fig. 10a A-E shows DPV of dif-
ferent amounts of Gd2Ti2O7/nitrogen-doped graphene
quantum dots (GT/N-GQD) (4, 8, 12, 16, and 20 %, w/w of

GT/N-GQD to graphite powder) in Britton-Robinson buffer
(pH 9.0) containing 40.0 lM of HCQ. Fig. 10a C shows that
the anodic peak current of HCQ reaches the highest value at
12 % of the modifier and decreases the peak current in the

higher concentrations (Fig. 10a D, E). The diagram of I (lA)
versus % w/w of GT/N-GQD to graphite powder at the sur-
face of GT/N-GQDs/CPE was drawn in Fig. 10 b. This figure

shows that the effect of the modifier (nanocomposite) amount
on current induced by anodic peak was remarkable. By consid-
ering the maximum current, the nanostructure amount for all

subsequent experiments was considered as 12 %. It can be
assumed that higher loading reduces the concentration of gra-
phite powder and the conductivity of the electrode. Further-
more, the adsorption sites in the paste reduce.

3.5.3.2. pH dependence study. The pH of supporting elec-
trolytes has a significant role in optimizing the experimental

conditions. Therefore, the dependence of the sensor response
on pH in a 0.2 M Britton-Robinson buffer containing
40.0 lM HCQ with pH values from 4.0 to 10.0 was studied

by DPV (Fig. 11a). As set out in Fig. 11b, by increasing the
pH ranging from 4.0 to 9.0, a shift toward negative values hap-



Fig. 11 (a) DPV of HCQ at various pH values at the surface of

GT/N-GQDs/CPE, (b) Electrochemical potential of HCQ, Epa

(mV) vs pH at the surface of GT/N-GQDs/CPE and (c) DPV

Intensity of HCQ, I (lA) vs pH at the surface of GT/N-GQDs/

CPE.
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pened for oxidation peak potential and the current signal of
HCQ progressively increased with raising the pH value. So it

is expected that deprotonation directly occurs in the oxidation
of HCQ (Fig. 11c). Also, the regression equation was as
follows:

Epa mV vs: Ag=AgClð Þ ¼ 1175:3� 63:679 pH R2 ¼ 0:99
� �

ð4Þ
In agreement with the Nernst equation (Eq. (2)), the slope

(�0.0636 V/pH) for HCQ, indicates that the oxidation of
HCQ consistent with an equal number of protons and elec-
trons involved in the electro-sensing mechanism (Deroco
et al., 2014) and the maximum of the Ipa for achieving the high-
est sensitivity of HCQ was attained in the pH = 9.0 (inset c).

The redox reaction mechanism of HCQ was suggested as
shown in Scheme 2.

Ep ¼ E
� þ 59:1=nð Þ log Oxð Þa= Rð Þb

h i
� 59:1m=nð Þ pH ð5Þ
3.5.4. Determination of HCQ at the surface of the sensor
modified by nanostructures

The aim of this work was the introduction of a sensitive elec-

trochemical sensor for detection and measurement of HCQ by
a proper technique that resulted using GT/N-GQD/CPE and
DPV technique. Under the optimized conditions, the DPV

technique was utilized to evaluate the concentration and detec-
tion limit of HCQ at the GT/N-GQD/CPE. Following
Fig. 12a, the differential pulse voltammograms show different
concentrations of HCQ from 0.0001 lM to 170.0 lM with two

clearly detached anodic peaks, consistent with the oxidation of
HCQ. Furthermore, the analytical curve in Fig. 12b, shows
two linear ranges between peak currents of HCQ oxidation

(Ipa) and the concentration of HCQ (C (lM)) from 0.0001 to
0.60 lM and 0.60–170.0 lM with the linear regression equa-
tions of the Ipa (lA) = 2.0613C (lM) + 0.3588

(R2 = 0.9905) and Ipa (lA) = 0.0334C (lM) + 1.8912
(R2 = 0.9902), respectively. The detection limit (LOD) of
HCQ on the surface of the proposed modified electrode was
found to be 0.064 nM by studying the first linear dynamic

range. This value demonstrates the very susceptibility of the
suggested method.

3.5.5. Stability, repeatability, and selectivity examination

The repeatability and stability of the analytical signal were
studied using DPV data under the optimized conditions. To
investigate the reproducibility, the GT/N-GQD/CPE was

employed five times, separately for measuring the 40.0 lM of
HCQ solution where no apparent decrease in the recovery of
DPV response was noted. The relative standard deviation

(RSD) values of HCQ at concentrations of 40.0 lM were cal-
culated to be 2.92 %, indicating the excellent reusability of the
sensor GT/N-GQD/CPE for the HCQ analysis. The stability

of the designed electrochemical sensor was also reviewed.
The electrodes were evaluated by comparing the oxidation
peak currents for HCQ from a solution containing 40.0 mM
over a period of 1 month (Fig. 13). The results did not indicate

any significant fluctuations in peak current (3.15 % for HCQ),
indicating the good stability of the GT/N-GQD/CPE electrode
in optimized conditions. The exceptional selectivity, reusabil-

ity, and stability factors of GT/N-GQD/CPE can be attributed
to the increase of surface area, stability, inertia, and biocom-
patibility of the synthesized nanostructures with zero or mini-

mal reactive functionalities, which increased the oxidation of
HCQ and reduced the likelihood of adsorbed impurities on
the surface.

The effects of metal ions and organic compounds on the
determination of HCQ were considered under the optimal
experimental conditions with 40.0 lM of HCQ at pH = 9.0
by DPV. In this study, the potentially interfering substances

from common interferential cations and anions such as Na+,



Fig. 12 (a) Differential pulse voltammograms recorded in 0.2 M Britton-Robinson buffer at pH = 9.0 after addition of HCQ for

obtaining final concentrations in the range of 0.0001–170.0 lM and (b) plots of peak current as a function of HCQ concentration.
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K+, Mg2+, Ca2+, NH4
+, CO3

2�, and SO4
2� and some biologi-

cal fluids including glucose, fructose, lactose, L-alanine, urea,

and glycine were used. The results were submitted in Table 2.
These results signify the good anti-interference capability of
the GT/N-GQD/CPE in the presence of the most usual inter-

fering species for the determination of HCQ.

3.5.6. Determination of HCQ in the presence of AC

To the best of our knowledge, HCQ and AC have been exam-

ined in multiple clinical trials for the management of infection
and reduction of the fever symptoms (Davoodi et al., 2020).
Hence, the primary purpose of this study was the selective

determination of HCQ in presence of AC at GT/N-GQD/
CPE. To attain this objective, voltammograms of a mixture
of HCQ and AC on the bare electrode and the electrodes mod-
ified by GT/N-GQD/CPE were reported. Fig. 14a depicts the
CVs of the mixture solution containing 40.0 lM HCQ and
50.0 lM AC at the bare CPE and GT/N-GQD in 0.2 M B-R

buffer solutions (pH 9.0). It seems, the voltammetric peaks
of HCQ and AC have appeared at 570.0 mV and 297.0 mV
using the GT/N-GQD/CPE, respectively. In addition, the ratio

of the anodic current response of the modified electrode to the
bare electrode in the presence of HCQ was about 2.4. These
diagrams confirmed that the three well-defined anode peaks
at the surface of the electrode modified by GT/N-GQD/CPE

are related to the oxidation of HCQ and AC. According to
the results, the catalytic effect of GT/N-GQD has helped to
sensitively designate the HCQ in the presence of AC on the

surface of the modified electrode. Fig. 14b presents the differ-
ential pulse voltammograms by alternately changing the con-
centration (0.002–0.15 lM) of HCQ in the presence of

50.0 lM AC at GT/N-GQD/CPE. Fig. 14c also shows the



Scheme 2 Schematic illustration of preparation of GT/N-GQDs nanocomposite and performances of electrochemical sensor for

detection of HCQ in the presence of Acetaminophen (AC).

Fig. 13 Long-term stability of GT/N-GQDs/CPE for the determination HCQ.
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HCQ calibration plot in the presence of acetaminophen and at
GT/N-GQD/CPE under optimal conditions. As expected,
increasing the HCQ concentration increases the response of

the biosensor to HCQ, linearly, while the anodic peak current
of AC has no change. The similarity of the slopes of the linear
graphs in the calibration plots in the presence and absence of

AC showed that the interference of AC was negligible and it
has had no effect on the sensitivity of designation of HCQ in
low concentrations.

3.5.7. Analysis of real complicated samples

HCQ has a high chemical potential to persist, bioaccumula-
tion, and transfer to living organisms, especially in water con-

tamination. HCQ is aggregated in organs like the spleen,



Table 2 Effect of various interferences on the differential

pulse voltammetric response of 40.0 lM hydroxychloroquine

(HCQ) at the surface of GT/N-GQDs/CPE.

Foreign substance Tolerance level (mM) RSD (%)

K+, Na+, Ca2+, NH4
+, Cl- 6000 1.89

g2+, CO3
2–, SO4

2– 2000 1.75

L-alanine, Urea 1300 1.52

Glycine 1200 1.92

Glucose 2000 1.45

Fructose, lactose 1500 1.68

Fig. 14 (a) Cyclic voltammograms of (A) GT/N-GQDs/CPE in

Britton–Robinson buffer (pH = 9.0), (B) CPE in the presence of

HCQ & AC, and (C) as (A) in the presence of HCQ & AC. (b)

Differential pulse voltammograms recorded in 0.2 M Britton–

Robinson buffer at pH = 9.0 containing 50.0 lM AC and after

addition of HCQ for obtaining final concentrations in the range of

0.002 – 0.15 lM, and (c) plots of peak current as a function of

HCQ concentration.
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intestine, lungs, and kidneys that can be converted to active
metabolites in the liver. It is deposited in organs that have mel-

anin; so can alter in the iris, choroid, and retinal pigment
epithelium. By considering the advantages and risks of HCQ,
we tried to investigate the reliability of the prepared sensor.

So, it was used to analyze the HCQ in human blood serum,
tablet samples, and pharmaceutical wastewaters. The results
were given in Table 3. As seems, the recovery values that were

calculated for these samples were in the range of 98.0 %-
105.0 % with an RSD of 0.98–3.17. The retrieval results clearly
demonstrated the imminent application of the proposed elec-
trode to the detection of HCQ in real biological samples.

Acceptable results, reproducibility, high sensitivity, and selec-
tivity of this sensor confirmed that GT/N-GQD can be used
to determine HCQ and compounds with similar structures.

Benign nature, economic efficiency, and enhancement of the
electrochemical performance are the other advantages of this
work. the performance of the as-prepared sensor was com-

pared to the other sensors used to measure the HCQ, until
now, the results were listed in Table 4.

3.6. The photocatalytic studies

Elimination of pollutants induced by the diverse sources is
transferred to a global challenge. Development of population
and industries have increased the environmental damages, so

degradation of waste and pollutants can decrease the dangers
that threaten the lives of living things. The entrance of drugs
and their remains into waste-water and natural cycles can

affect the health of creatures. HCQ as an immunomodulatory
drug with a long half-time, has been used for 60 years to treat
malaria and autoimmune diseases, so, degradation of its

remains is so valuable. In this work, it tried to focus on detect-
ing and eliminating this drug using the as-prepared nanocom-
posite under dual applications as sensor and photocatalyst.

To prove the ability of this product for elimination of HCQ

under photocatalytic process, the experiments under visible
light were carried out in 90 min. optimizing the effective
parameters such as pH of solution, drug concentration and

photocatalyst amount were done to obtain the highest
efficiency.

3.6.1. The optimization of the photocatalyst amount

The as-prepared nanocomposite amount as a variable was
changed and the photocatalytic experiments were carried out
in presence of 0.1, 0.07 and 0.05 g of the photocatalyst. As

expected, the maximum degradation percent was resulted
when the photocatalyst amount was maximum. The related

graphs show the role of the photocatalyst amount on degrada-
tion percent of HCQ (Fig. 15a).

3.6.2. The optimization of the concentration of HCQ solution

To achieve the best photocatalytic performance, the three drug
solutions with different concentrations were put under the
photocatalytic process in presence of the optimized amount

of photocatalyst (0.1 g). As shown in Fig. 15b, the highest



Table 3 Detection of HCQ in real samples at the surface of GT/N-GQDs/CPE.

Sample Added (mM) Found (mM) RSD (%) Recovery (%)

Human blood serum

1 0.0 No detectable – –

2 10.0 9.8 0.98 98.0

3 15.0 15.1 1.55 100.7

Tablet

1 0.0 0.72 – –

2 4.0 4.80 1.70 102.0

3 5.0 5.71 2.38 99.8

Wastewater

1 4.0 4.2 1.10 105.0

2 8.0 7.9 3.17 98.7

3 16 15.9 2.90 99.4

Table 4 The comparison between the results obtained from the other prepared sensors that were prepared for detection of HCQ with

that resulted in the current work.

Electrode Technique Linear dynamic range (lM) LOD (lM) Ref.

CNNS/CPEa DPV 0.01–6.92 0.00016 (de Oliveira S. Silva et al., 2021

VS2 QDs/N, S@ GNA/cCNTs/GCEb DPV 0.0084–0.22 0.00277 (Mahnashi et al., 2021)

GCEc DPV 20–500 34 (Arguelho et al., 2003)

ZnSNPs/RGO/GCEd DPV 0.005–0.065 0.00045 (Alkahtani et al., 2021)

BDDEe SWVf 0.1–1.9 0.06 (Deroco et al., 2014)

RGO–TiO2/GCE SWV 0.25–500 0.00012 (Zhang et al., 2021)

GT/N-GQDs DPV 0.0001–170.0 0.00006 This work

a Carbon paste electrode modified with carbon nitride nanosheets.
b Glassy carbon electrode modified with vanadium disulfide quantum dots decorated nitrogen and sulfur co-doped graphene aerogel/car-

boxylated carbon nanotubes.
c Glassy carbon electrode.
d Glassy carbon electrode modified with zinc sulfide nanoparticles/reduced graphene oxide (rGO).
e Boron-doped diamond electrode.
f Square Wave Voltammetry (SWV).
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degradation is related to the HCQ solution with a concentra-
tion of 10 ppm.

3.6.3. The optimization of the concentration of HCQ solution

In the photocatalytic process, when semiconductor absorbs the
light with the certain energy (depending on band gap),

electron-hole pairs are formed which are known as charge car-
riers. In continue, charge carriers are transferred to initial
agents for producing the active-photocatalytic species that

degrade the pollutants.
Depending the photocatalytic reactions to pH, as well the

other chemical reactions, is undeniable. So, this parameter
was optimized to obtain the best efficiency. According to the

results illustrated in Fig. 15c, acidic environment along with
the other optimized parameters provides the ideal condition
for the highest degradation percent of HCQ.

4. Conclusions

In this work, Gd2Ti2O7/N-GQD nanocomposite was prepared by a

facile method. By considering the changes of Gd2Ti2O7 properties in

presence of graphene derivatives and the importance of detection
and measurement of drugs in different samples, the performance of

this product as an electrochemical sensor was investigated. HCQ is

usually known as a multi-performance drug that is used to treat some

diseases. Long half-life of this drug can cause its agglomeration in

human’s body which leads to irreparable problems, so preparation

of a sensitive sensor with a lower limit of detection can be so valuable.

The electrochemical studies proved the ability of this product for using

as a sensor for the measurement of HCQ in different samples. The cur-

rent peak obtained from DPV was proportional to the HCQ concen-

tration in the range of 0.0001–170.0 lM with the detection limit of

0.064 nM. Moreover, the GT/N-GQD/CPE revealed long-term stabil-

ity and suitable reproducibility. It should be acknowledged that the as-

prepared sensor with this detection limit is the most sensitive sensor for

detection of HCQ, up to now. Sensitivity of this sensor was examined

in presence of AC as a useful painkiller that is usually used along with

HCQ, simultaneously. According to the results, AC couldn’t affect the

sensitivity and selectivity of this sensor, which is a notable property.

Since, the half-life of HCQ is more than 40 days, its residues in the

environment can be problematic, and so degradation of it is necessary.

Hence, the capability of Gd2Ti2O7/N-GQD nanocomposite for degra-

dation of HCQ during a photocatalytic process under visible light was

investigated. After optimization of the effective parameters on the pho-

tocatalytic efficiency, the photocatalytic ability of this product was

confirmed by the degradation percent of HCQ about 76 % in



Fig. 15 The results of photocatalytic experiments for degrada-

tion of HCQ in presence of GT/N-GQDs nanocomposite under

visible light in 90 min. optimization of the effective parameters on

the photocatalytic efficiency (a) photocatalyst amount, (b) the

concentration of HCQ solution, and (c) pH of solution.
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90 min. Using the expired-date vials of B12 vitamin for synthesis of

Gd2Ti2O7 was another eco-friendly aspect of this work. Finally, it

should be noted that this nanocomposite can be used in diverse fields

that this work just investigated two applications of it.

CRediT authorship contribution statement

Movlud Valian: Formal analysis, Writing – original draft,

Methodology, Investigation, Data curation, Software. Faezeh
Soofivand: Software, Investigation, Writing – review & editing.
Asma Khoobi: Software, Methodology. Qahtan A. Yousif:
Writing – review & editing, Data curation, Funding acquisi-
tion. Masoud Salavati-Niasari: Formal analysis, Methodology,
Writing – review & editing, Writing – original draft, Conceptu-

alization, Supervision, Project administration, Investigation,
Data curation, Validation, Resources, Visualization, Funding
acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgments

Authors are grateful to the council of Iran National Science

Foundation (INSF, 97017837) and the University of Kashan
for supporting this work by Grant No (159271/MV5).

Appendix A. Supplementary material

FT-IR spectrum of sample 1 (GT nanoparticles) was given in
S1. To investigate the magnetic properties of GT nanoparticles

at room temperature, a vibrating sample magnetometer (VSM)
was used. The linear hysteresis loop shown in S2 indicates a
paramagnetic behavior for Gd2Ti2O7 NPs. According to this
figure, saturation magnetization (Ms) was about 1.91 emu/g

that is more than which reported in previous literature (about
1.50 emu/g) (Jeyasingh et al., 2019). So, these paramagnetic
nanostructures can be used as controllable sensors with exter-

nal magnetic tracking in biological applications. Supplemen-
tary data to this article can be found online at https://doi.
org/10.1016/j.arabjc.2022.104401.
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