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The efficiency of an aminated nanocrystalline
cellulose stabilized binary Ag–ZnO
nanocomposite as an electrode platform for
electrochemical sensing of ascorbic acid

Md. Mahabur Rahman,ab Md. Sohel Rana, a Hideto Minami, c

Md. Mahbubor Rahman, a Md. Abdur Rahman,a Md. Ashraful Alama and
Hasan Ahmad *a

This work details the fabrication of a graphite coated aminated nanocrystalline cellulose stabilized Ag–

ZnO nanocomposite electrode for application in electrochemical sensing and quantification of ascorbic

acid (AA) in biological samples. The prepared nanocomposite is named ANCC/Ag–ZnO, where ANCC

stands for aminated nanocrystalline cellulose. The graphite coated ANCC/Ag–ZnO electrode produced a

high electrochemical response because of binary Ag–ZnO nanoparticles and the stability, high surface

area, porosity, and crystallinity of nanocellulose. The ANCC particles are prepared by amination of nano-

crystalline cellulose (NCC), with the latter being synthesized from raw rice (Oryza sativa) straw. The green

ethanol extract from mussaenda flower (M. erythrophylla) bracts is used as a reducing agent to generate

Ag–ZnO nanoparticles. The average diameter of a spherical ANCC/Ag–ZnO nanocomposite is around

9.77 nm. The graphite coated ANCC/Ag–ZnO nanocomposite electrode demonstrated an 8 times increase

in cyclic voltammogram (CV) current response compared to the native graphite coated ANCC electrode.

The electrocatalytic oxidation of AA showed a good linearity over a wider range of 0–16.0 mM with a

regression value of 0.9934. The sensitivity and limit of detection (LOD) are 0.543 mA mM�1 cm�2 and

0.031 mM, respectively, and the electrode possessed a good reproducibility (RSD, 2.06%). The nanocom-

posite electrode retained about 81% of its initial current response after 1500 cycles. The synthesized

ANCC/Ag–ZnO nanocomposite material is found to be applicable for electrochemical sensing and quanti-

fication of AA in biological samples without overlapping signals from other interfering agents.

Introduction

In contemporary scientific society, a growing number of research-
ers are becoming interested in developing electrode platforms
based on nanomaterials for precise and accurate detection and
quantification of analytes (e.g., pollutants, biomolecules, active
drug molecules, etc.) in a sample. Electrochemical sensing is
widely recognized as a powerful analytical technique that converts
small chemical changes at the electrode to a measurable electrical
signal and offers advantages of high sensitivity, quick response,
cost economy, in situ monitoring capacity, good reproducibility,
specificity, easy process, etc. over traditional methods.1–10

The direct use of bare electrodes like Pt, Au, Ag, glassy
carbon and graphite in electrochemical sensing results in
nonspecific adsorption or fouling at the electrode interface,
poor sensitivity and detection, high overpotential and a slow
redox process.3,11–13 Modification of electrodes with metal (Ag,
Cu, Pd, Pt, and Au) and metal oxide (Fe3O4, MnO2, SnO2, ZnO,
TiO2, and NiO) nanoparticles is one promising avenue for rapid
and accurate electrochemical detection because of their higher
electron transfer kinetics, reduced overpotential, unique elec-
trocatalytic and electronic properties, large surface area, and
variable morphology and size.14–21 Recently, the binary and
ternary metal/metal oxide nanocomposites as electrode modi-
fiers in electrochemical sensors have attracted increasing inter-
est as they contribute individual properties of each metal,
synergistic effects from interactive cooperation, and improved
electrocatalytic and electron transfer kinetics.11,22 However,
research in the area of mixed metal–metal oxide nanocompo-
sites in electrochemical sensing is still limited. For example, an
iron functionalized ZnO nanocomposite (FeZnO) synthesized
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by a hydrothermal method has been evaluated for sensing
monosodium glutamate and nitrite, showing good accuracy,
selectivity and stability.23 An rGO stabilized binary Cu–iron
oxide-based nanocomposite on a 3D printed Ag-electrode (Fe–
Cu–rGO@Ag) showed high selectivity and linear response
towards electrochemical detection of blood creatinine.24

Maduraiveeran et al. observed a low limit of detection (LOD),
high sensitivity and good selectivity for a flower-like NiO@Au
nanocomposite as a lactic acid sensor.25 Ponnaiah et al. devised
a uric acid sensor using polyaniline coupled Ag–Fe2O3 nano-
structures with improved electrical conductivity.26 Abdel-
Hameed et al. synthesized Ag/ZnO nanorods via a coprecipita-
tion method and modified the carbon paste electrode for
roxadustat detection and validated its use in analyzing phar-
maceutical formulations and human plasma.27 Vijayalakshmi
et al. prepared an Ag–ZnO nanocomposite by halium, a green
extract, mediated co-precipitation and modified the graphite
electrode for Cu ion quantification in ferrocyanide solution.28

The other mixed metal–metal oxides included NiCo2O4,
Fe3O4@MnO2 and rGO–polydopamine–ZnMnO3 hybrid materi-
als for electrochemical detection.29–31

In a previous investigation, we prepared aminated nanocrys-
talline cellulose (ANCC) stabilized binary Ag–ZnO (ANCC/Ag–
ZnO) nanocomposite particles as a less toxic antimicrobial
platform.32 The amination of nanocrystalline cellulose derived
from raw rice (Oryza sativa) straw and subsequent binding with
Ag–ZnO nanoparticles reduced the cytotoxicity, which is bene-
ficial for safe applications in textile, medical, and health-
related products. The amination of NCC introduced reactive
amine groups (–NH2) on the cellulose surface, which coordi-
nated strongly with Ag+ and Zn2+ ions, thus promoting higher
nucleation density and nanoparticle loading compared to
unmodified NCC.32 The amine groups also improved nanopar-
ticle dispersion by imparting electrostatic stabilization and
steric hindrance, which effectively reduced agglomeration. As
a result, ANCC acted not only as a stabilizing matrix but also as
an active participant in nanoparticle anchoring, leading to
enhanced stability, uniformity, and a larger electroactive sur-
face area. This chemical fixation of metal–metal oxide nano-
particles also made them stable to washing and air oxidation.
In a green approach, the alcoholic extract of mussaenda flower
(Mussaenda erythrophylla) bracts was used during in situ co-
reduction of Ag and Zn ions to generate hybrid Ag–ZnO
nanoparticles. The aerial part of the Mussaenda genus generally
contains large amounts of phenolic compounds along with
steroids, tetraterpene, flavonol and derivatives of quinic
acid.33 In order to justify the application versatility, here, an
attempt is made to apply a graphite-modified antimicrobial
ANCC/Ag–ZnO nanocomposite for electrochemical sensing/
detection of ascorbic acid (AA). The incorporation of Ag+ into
the hybrid structure will improve the electrocatalytic efficiency
and accelerate the active oxidation.28 The large specific surface
area and porous structure of ANCC should favor the sorption
and diffusion of analytes to the active detective sites, which
ultimately should produce enhanced sensitivity, accuracy, and
response rates.34 Despite the expected advantages, exploration

of the above literature suggests that neither the ANCC nor the
NCC as a support material for mixed metal–metal oxide nano-
particles has been emphasized in electrochemical analysis.
Even the work on the ANCC/NCC stabilized monometallic
platform in electrochemical sensing is scarcely available. In
the present investigation, it is therefore hypothesized that
chemical binding of binary Ag–ZnO nanoparticles to porous
ANCC of high specific surface area would produce an excel-
lently stable new biosensing material with improved sorption
and diffusion capacity of analytes. Additionally, the ANCC as a
biocompatible material would facilitate in vivo applications of
the resultant nanocomposite in contact with blood in the fields
of biosensing, drug delivery, bioimaging, bone regeneration,
anti-inflammatory materials, wound dressing, and tissue
engineering.34–36 Here, AA was chosen as an analyte consider-
ing its importance as a human nutrient and wider presence in
pharmaceutical products, cosmetics, foods (peppers, brussels
sprouts, tomatoes, broccoli, potatoes, citrus fruits, and cauli-
flower), and food products. AA plays a vital role as a neuro-
chemical agent in the brain, participates in many biochemical
processes as a cofactor for enzymes, and supports biosynthesis,
cell metabolism of carnitine, iron absorption in intestine,
wound healing, amino acid metabolism, etc.37,38 AA is also a
potent antioxidant that can prevent free-radical induced
diseases.39 The shortage of AA can cause some common ill-
nesses like respiratory infections, cold, inability to achieve
pregnancy, anemia, cancer, hypertension, mental insanity, fail-
ure of neurotransmitters, weakness, fatigue, rheumatoid arthri-
tis, and Parkinson’s and Alzheimer’s diseases.40,41 Excess AA in
the body can also cause bladder stones, diarrhea, and gastric
irritation.39 Therefore, accurate determination of AA in bio-
logical fluids is important for evaluating the actual cause of
disease and health disorders. There are many methods for AA
measurement, and all of those are time-consuming, costly, and
require skilled manpower.42,43 Consequently, the present work
deals with the electrochemical estimation of AA using a gra-
phite modified ANCC/Ag–ZnO nanocomposite electrode, and
the performance is compared with each ANCC and bare Ag–
ZnO modified graphite electrode. The ANCC/Ag–ZnO nanocom-
posite modified graphite electrode demonstrated excellent
sensitivity and robust stability. Detection of AA in human
serum as a real sample is also achieved.

Experimental section
Materials

Raw straw of rice (BRRI 28: O. sativa) from a nearby agricultural
field (Bangladesh) was used as a source of ANCC. Toluene
(99.9%), acetic acid (99.9%), HCl (37%), and N,N-dimethyl
formamide (DMF, 99.8%) were procured from Merck, India.
NaOH (98%) and H2SO4 (96%), purchased from Merck, Ger-
many were used for cellulose recovery and hydrolysis. NaClO2

(Loba Chemie, India, 80%) and ethanol (Changshu Hongsheng,
China, 99.9%) were used as received. p-Toluene sulfonyl chlor-
ide (TsCl, 498%) from Sigma Aldrich, Germany was used for
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NCC activation. Ag–ZnO nanoparticles were prepared from AgNO3

(Active Fine Chem., Bangladesh, 99.8%) and Zn(CH3COO)2�2H2O
(QualiKems, India, 98%) precursor salts. Triethylamine hydrazi-
nium hydroxide (TEA, 99%) and diethylamine (DEA) were pro-
cured from Thomas Baker, India. All chemicals, LiCl (99%),
Na2CO3 (99.9%), and NaHCO3 (99%) from QualiKems, India were
stored in the desiccator before use. N,N-Dimethyl acetamide
(DMAc, 99.5%) was purchased from Nice Chemicals, India and
used as received. A graphite rod collected from a commercially
available sunlight high super multipurpose UM-1 (R-20 D) 1.5 V
battery was used as the working electrode for electrochemical
investigations. N-Methyl-2-pyrrolidone (NMP) was obtained from
Sigma-Aldrich Chemie GmbH (USA). Deionized distilled (DD)
water was used for cleaning purposes and sample preparation,
which was collected from a reverse osmosis and UV purification
system (Puricom, Taiwan).

Preparation of aminated nanocrystalline cellulose (ANCC)

The preparation of ANCC particles was carried out according to
the literature.32 In brief, 15.0 g of washed rice straw (O. sativa)
powder was dewaxed by stirring (500 rpm) for 24 h in a 2 : 1 (v/v)
toluene/ethanol mixture. The dewaxed powder was recovered
and dried. 13.0 g of dewaxed powder was then treated with
300 mL of 5% NaOH solution at 30 and 90 1C for 24 and 2 h,
respectively, to drive off fats, hemicellulose, pectin, and
remaining wax. The resultant white cellulose powder was
repeatedly washed with DD water until the pH value was
neutralized and then dried under room conditions. Finally,
bleaching was carried out using 500 mL of 1.4% (w/v) acidic
(pH B 4.0) NaClO2 solution at 70 1C for 5 h. The product was
filtered, washed, and dried, and the yield of the ultimate
bleached pulp was 37.4% (w/w).

1.0 g of bleached pulp was magnetically stirred (700 rpm)
with 15 mL of 60% (v/v) H2SO4 in a 25 mL Erlenmeyer flask at
25 1C for 25 min. The brown suspension turned milky white

following the addition of 200 mL of ice water. The suspension
was dialyzed with DD water until the suspension turned almost
neutral and then dried under vacuum to obtain NCC powder
(yield 35.6% w/w).

A two-step process was implemented for the amination of
NCC to obtain ANCC.32,44 NCC powder (0.5 g) was stirred
(750 rpm) with 1.0 g of LiCl in 13 mL of DMAc at 100 1C for
30 min, followed by another 24 h at 25–30 1C. The off-white-
colored suspension of NCC was mixed with 2 mL of TEA (basic)
in 1.0 mL of DMAc and magnetically stirred (750 rpm) for 30
min. The temperature was reduced to below 5 1C, 3.5 g of TsCl
in 3 mL of DMAc was added dropwise, and the stirring was
continued for 6 h. The temperature was raised to 25–30 1C, and
the mixing was continued for another 18 h. Then the mixture
was poured into 250 mL of ice-water, and the resultant white
precipitate of tosylated-NCC was successively washed with DD
water and ethanol before drying under vacuum at ambient
temperature. Secondly, the tosylated NCC (yield: 72.5%) parti-
cles were aminated (ANCC) by treatment with DEA. For this,
0.5 g of tosylated-NCC was allowed to disperse in 5 mL of DMF,
and 3 mL of DEA was added slowly at 25–30 1C, while the
stirring (500 rpm) was continued for 2 h. Then, the reaction
mixture taken in a 100 mL round flask was subjected to reflux
at 80 1C for 24 h. The light orange-red color solution of the
6-deoxy cellulose amine derivative was cooled to 25–30 1C before
pouring into 100 mL of ethanol. The obtained precipitate was
recovered by centrifugation (12 300g) and washed with ethanol. The
yield of ANCC in the second step was nearly 80.4% (w/w).

Preparation of Ag–ZnO nanoparticles

A 100 mL solution of AgNO3 (0.01 M) was mixed with 100 mL of
Zn(CH3COO)2�2H2O (0.01 M) in a 250 mL Erlenmeyer flask and
stirred magnetically at B500 rpm for 10 min. Separately, 30 mL
of ethanol extract was adjusted to pH B 7.0 using 0.1 M NaOH.
This extract solution was added dropwise to the precursor salt

Fig. 1 Scheme for the preparation of ANCC/Ag–ZnO nanocomposite particles.
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solution under continuous stirring (B500 rpm). The reaction
pH was maintained between 7.0 and 8.0 with 0.1 M NaOH, and
stirring was continued at 60 1C for 6 h. The dark brown Ag–ZnO
nanoparticles were collected by centrifugation at 12 300g,
washed three times with DD water followed by ethanol, and
dried under vacuum at 30 1C. The nanoparticles were stored in
the dark at 4 1C.

Preparation of the ANCC/Ag–ZnO nanocomposite

The ANCC/Ag–ZnO nanocomposite particles were prepared
according to the method illustrated in the literature.32 Shortly,
ANCC (0.35 g) particles dispersed in 130 mL of DD water were
mixed with AgNO3 (0.1104 g) and Zn(CH3COO)2�2H2O (0.1420 g)
in a 250 mL Erlenmeyer flask. 20 mL of ethanol extract (TPC:
2.01 g GAE) from mussaenda flower (M. erythrophylla) bracts was
added and the pH was adjusted roughly at 7.0–8.0. The reaction
mixture was magnetically agitated and the co-reduction of metal
ions was continued at 25–30 1C for 6 h. The resultant brown
ANCC/Ag–ZnO nanocomposite was recovered by centrifugation
and washed three times with DD water and ethanol before
drying under vacuum. The complete scheme for the preparation
of the ANCC/Ag–ZnO nanocomposite from rice straw is depicted
in Fig. 1.

Characterization

The changes in the chemical structure of the prepared samples
were followed by Fourier transform infrared (FTIR) spectro-
scopy (PerkinElmer, FTIR-100, USA). The washed and dried
sample was mixed with KBr powder (1 : 4), pressed into pellets
and then scanned over the wavelength range of 4000–200 cm�1.
The morphology and size distribution were analyzed using a
scanning electron microscope, SEM (JSM-6510, JEOL, Tokyo,
Japan), and a transmission electron microscope, TEM (JEM-
1230, JEOL, Tokyo, Japan), operated at operated at 20 and
100 kV respectively. The elemental composition was followed
by recording EDX spectra on an energy dispersive X-ray
spectrometer coupled to a field emission SEM (JSM-IT800-IS,
Tokyo, Japan) instrument, operating at 15 kV. The phase
transitions and metal constituents were identified for pow-
dered samples using an X-ray diffractometer (Bruker D8
Advance, Germany).

Electroanalytical measurements

Electrochemical studies, including cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS), were conducted
using a Corrtest CS350 electrochemical workstation (China) in
a three-electrode system. The graphite rod coated nanocompo-
site was used as the working electrode, whereas the platinum
wire and Ag/AgCl electrode were used as counter and reference
electrodes, respectively. Electrode performance was examined
in 5.0 mM [Fe(CN)6]3�/4� with the pH value being adjusted at
7.0 using phosphate buffer solution. All the electrochemical
measurements were carried out at 25 1C. The working electrode
was fabricated by coating the active part of the graphite rod
with a uniform slurry of the prepared material and PVdF binder
in a 90 : 10 weight ratio, with NMP as a solvent. The active

material coated on the electrode surface was calculated to be
1.8 to 2.0 mg for every fabricated electrode. Coated electrodes
were dried in an electric oven at 60 1C for 12 h. Prior to each CV
measurement, nitrogen gas was bubbled through the electro-
lyte for 10 min to remove dissolved oxygen. The working
electrode was then placed in the phosphate buffered 5.0 mM
[Fe(CN)6]3�/4� solution and the CV was scanned over a potential
window of �0.2 V to +0.6 V at different scan rates (20, 40, 50,
and 100 mV s�1). EIS measurements were performed over a
frequency range of 5 � 10�2 to 5 � 10�5 Hz with a scan rate of
50 mV s�1. Square-wave voltammetry (SWV) measurements were
also conducted using the same three-electrode system in the
phosphate buffer solution (pH = 7.0) to evaluate the effect of
different scan rates (10 to 100 mV s�1) and a calibration curve was
constructed in the potential range of �0.2 to +0.6 V (vs. Ag/AgCl).

Results and discussion
Characterization of electrode materials

The chemical structure and functionalization of NCC particles
were analyzed by FTIR spectral analysis. The stepwise transfor-
mation of raw rice straw to NCC following alkali treatment,
bleaching and acid hydrolysis is previously confirmed by FTIR
spectral analysis.32 Here, we focused only on stepwise structural
changes during chemical transformations of NCC to ANCC and
then to the ANCC/Ag–ZnO nanocomposite. The FTIR spectrum
of NCC (Fig. 2a) shows no characteristic vibration signals from
the aromatic skeletal structure (CQC) of lignin and the ester
linkage of lignin, generally observed at 1515 cm�1 and
1730 cm�1.45–47 Hence, the successive treatments with 5% NaOH,
1.4% (w/v) acidic NaClO2 and 60% (v/v) H2SO4 almost completely
removed hemicellulose and lignin. The absorption signal at
1640 cm�1 represents the bending vibration of –OH from
absorbed water. The bands in the range of 1320–1430 cm�1

correspond to the CH2 scissoring, bending and rocking vibrations
of cellulose.32 The stretching bands of the anti-symmetrical
pyranose ring skeletal vibration of C–O–C and symmetrical
stretching vibration of C–O–C of b-glycosidic linkage appear in
the range 895–1160 cm�1.48 In the spectrum of ANCC (Fig. 2b), a
new prominent absorption peak due to –N–H bending at
1568 cm�1 confirms the successful amination of the –CH2OH
group by DEA via tosylation reaction.49 Following co-ordination of
metal ions with electron rich nitrogen in the –NH– group of
aminated cellulose, a slight red shift of –NH– bending occurred
from 1568 to 1560 cm�1 in the spectrum of the ANCC/Ag–ZnO
nanocomposite (Fig. 2d).50 The stretching bands for Zn–O–Zn,
Zn–O–Ag and metal–oxygen bonds in the nanocomposite (Fig. 2d)
appear at 1024, 665 and 467 cm�1 respectively, also validating the
formation of the nanocomposite and matching well with the
spectrum of binary Ag–ZnO hybrid nanoparticles (Fig. 2c).

The SEM image of NCC particles in Fig. 3a shows that many
tiny perhaps roughly spherical particles (indicated by an arrow)
are aggregated. The strong hydrogen bonding interaction
among cellulose nanocrystals possibly favored the formation
of aggregated networks.51 It is also probable that sample drying
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and close packing of cellulose crystallites promoted aggrega-
tion via hydrogen bond formation.50 The SEM image of ANCC
particles shown in Fig. 3b does not illustrate any difference in
the aggregation phenomenon. The SEM micrograph of Ag–ZnO
(Fig. 3c) reveals partial agglomeration of roughly spherical
nanoparticles. The average size measured using ImageJ soft-
ware is estimated to be around 223 nm. Comparatively, the
SEM image of ANCC/Ag–ZnO nanocomposite particles (Fig. 3d)
demonstrates a bit different morphology. Close analysis sug-
gests that large flocs resulted from agglomeration of many tiny
nanocomposite particles (the inset of Fig. 3d). The strong

hydrogen bonding interaction among ANCC phases prompted
such agglomeration. The controlled nucleation, growth and
stabilization of Ag–ZnO nanoparticles apparently reduced their
average size to a few nanometers. Nevertheless, the coordina-
tion of –NH– functionalities of ANCC with Ag+ and Zn2+ ions
during the synthesis process prevented the uncontrolled
growth. The EDX spectral analysis of the ANCC/Ag–ZnO nano-
composite displayed in Fig. 3e illustrates the existence of C
(43.9 at%), O (51.8 at%), Ag (2.6 at%) and Zn (0.17 at%);
possibly Si (1.64 at%) is derived from sample wafer. The
nitrogen atom derived from the amine functionality in ANCC

Fig. 3 SEM images (a)–(d) and EDX spectra (e) of NCC (a), ANCC (b), Ag–ZnO (c) and ANCC/Ag–ZnO nanocomposite (d) and (e) particles.

Fig. 2 FTIR spectra of NCC particles (a), ANCC particles (b), the Ag–ZnO hybrid (c) and ANCC/Ag–ZnO nanocomposite (d) particles taken in KBr pellets.
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is 10 at% (spectra not shown). But nanocomposite formation
and interaction of the electron rich –NH– group with Ag and Zn
ions through co-ordination possibly hindered the detection of
nitrogen.

In contrast, the TEM images of both NCC (Fig. 4a) and ANCC
(Fig. 4b) show the presence of individual particles. It is reason-
able to conclude that the soft aggregates are fragmented into
individual particles or smaller flocs under a strong electron
beam.48 In either case, particles are mostly spherical, but the
presence of elongated particles cannot be ruled out. The
average diameter of sphere-shaped NCC particles is calculated
to be approximately 147 nm and that of ANCC particles is
approximately 300 nm. The larger diameter of ANCC particles is
possibly due to the swelling and aggregation, and perhaps the
lumen structure formed during sample drying (see the inset
image of Fig. 4b). It is obvious that acid hydrolysis and disin-
tegration of the amorphous segment within the cellulose Ib
structure produced such smaller particles. Fig. 4c displays the
morphology of bare Ag–ZnO nanoparticles, which are relatively
polydisperse and dense due to the electron rich domain. They
are independently distributed with the average size being
around 13.47 nm. This average size measured from the TEM
image is much lower than that measured from the SEM image
(Fig. 3d) and perhaps partial aggregation in the latter affected
the measurement. The strong electron beam during TEM
observation possibly segregated the soft aggregates into indivi-
dual nanoparticles. In contrast, the ANCC/Ag–ZnO nanocom-
posite shown in Fig. 4d seems to be more uniformly distributed
and less aggregated. The appearance of the nanocomposite

indicates the possibility of partial deformation of the cellulose
segment adhered to hybrid Ag–ZnO nanoparticles. The lighter
part of the nanocomposite belongs to organic ANCC, and the
darker part represents the electron-rich Ag–ZnO nanoparticles.
The average size of the nanocomposite is 9.77 nm as
determined using the ImageJ software. It is reasonable to
predict that the stable nano-size distribution results from the
coordination of Ag+ and Zn2+ to cellulose chains through
electron-rich –NH–, –OH, and C–O–C groups, proceeded by co-
reduction and finally the growth of Ag–ZnO nanoparticles.52

The existence of different phases and the formation of
multicomponent ANCC/Ag–ZnO nanocomposites were further
assessed from XRD analysis. The XRD pattern of hybrid Ag–ZnO
nanoparticles illustrated in Fig. 5a demonstrates diffraction sig-
nals at 2y values of 38.2, 44.2, 64.6, and 77.61 corresponding to
111, 200, 220, and 311 lattice planes (JCPDS card no. 04-0783).
This is attributable to the formation of metallic fcc (metallic face
center cubic) structured Ag metal nanoparticles.53 On the other
hand, the corresponding signals at 31.6, 34.4, 36.4, 47.5, 56.5,
62.8, 67.9, and 76.91 are recognizable for lattice planes of 100, 002,
101, 102, 110, 103, 112, and 202 (JCPDS card no. 36-1451),
representing wurtzite ZnO nanoparticles.54 The obtained values
of lattice constants for Ag and ZnO matched well with standard
values of pure Ag (PDF# 00-004-0783) and ZnO (PDF# 00-036-
1451), respectively. Comparatively, the diffraction pattern of the
ANCC/Ag–ZnO nanocomposite (Fig. 5b) shows only minor diffrac-
tions at 34.51 (022) and 56.91 (110) for wurtzite ZnO nanoparticles,
and the other diffraction signals of ZnO are hardly observed. On
the other hand, the diffraction signals due to the metallic Ag

Fig. 4 TEM images of NCC (a), ANCC (b), Ag–ZnO (c) and ANCC/Ag–ZnO nanocomposite (d) particles.
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phase in the ANCC/Ag–ZnO nanocomposite remains identical to
hybrid Ag–ZnO nanoparticles. The domination of the Ag phase

over the ZnO phase originates from the higher atomic size (Zn,
139 pm; Ag, 172 pm) and reduction potential (Zn, �0.76 V; Ag,
0.80 V) of Ag. The average crystallite sizes of Ag and ZnO
nanoparticles in the hybrid Ag–ZnO, determined by using the
Debye–Scherrer formula, are 6.27 and 10.19 nm, whereas those in
the nanocomposite are 9.69 and 3.58 nm, respectively. Coherently
the average crystallite sizes of the hybrid Ag–ZnO in reference
Ag–ZnO nanoparticles and the ANCC/Ag–ZnO nanocomposite are
8.91 and 7.02 nm, respectively. This reduction in the average
crystallite size of the ANCC/Ag–ZnO nanocomposite indicates
the improvement in the stability of metal–metal oxide hybrid
nanoparticles. The coordination of Ag–ZnO nanoparticles
obviously reduces the hydrogen bonding and structural regularity
in the cellulose network, and hence, the crystallinity indexes
are 73% for ANCC and 69% for the ANCC/Ag–ZnO nano-
composite. The diffraction pattern of the ANCC/Ag–ZnO nano-
composite also shows the characteristic doublets at 20.2 and
22.31, attributed to (110) and (020) lattice planes of the cellulose
Ib structure.

Electrochemical measurements

The electron transfer between electrolyte and respective gra-
phite coated ANCC, the hybrid Ag–ZnO and the ANC/Ag–ZnO

Fig. 6 (A) CV curves of the respective graphite coated ANCC (a), hybrid Ag–ZnO (b) and ANCC/Ag–ZnO nanocomposite (c) electrode in phosphate
buffered (pH 7.0) 5.0 mM [Fe(CN)6]3/4� solution at a scan rate of 100 mV s�1. (B) Scan rate effect on CV curves of the graphite coated ANCC/Ag–ZnO
nanocomposite electrode in phosphate buffered (pH 7.0) 5.0 mM [Fe(CN)6]3/4� solution. (C) A plot of peak current versus the square root of the scan rate.

Fig. 5 X-ray diffraction (XRD) patterns of powder deposits obtained from
the hybrid Ag–ZnO (a) and ANCC/Ag–ZnO nanocomposite (b) particles at
a continuous scan rate of 101 min�1. Conditions: Cu Ka radiation (Îc),
1.5406 Å; tube voltage, 33 kV; tube current, 45 mA.
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nanocomposite electrode was assessed by monitoring CV
curves in phosphate buffered (pH 7.0) 5.0 mM [Fe(CN)6]3/4�

solution and the results are displayed in Fig. 6A. The potential
range (�0.2 to +0.6 V) and measurement temperature (25 1C)
were kept identical. The sharp anodic and cathodic peaks
(Ipa and Ipc) of [Fe(CN)6]3/4� at the fabricated working electrodes
demonstrate good electron transfer behavior during oxidation–
reduction reactions. Among the designed working electrodes,
the ANCC exhibits the lowest peak currents (Ipa, 1.41 �
10�3 A cm�2 and Ipc, 1.36 � 10�3 A cm�2), and hence it is a
challenging task to distinguish the redox peaks. Comparatively,
the ANCC/Ag–ZnO coated graphite electrode reveals the max-
imum peak current (Ipa, 3.29 � 10�2 A cm�2 and Ipc, 3.98 �
10�2 A cm�2), a well distinguishable redox peak. This result
indicates that the ANCC/Ag–ZnO nanocomposite facilitates
better electron transport behavior from the redox probe
[Fe(CN)6]3/4� solution enroute to the electrode surface following
inclusion and stabilization of hybrid Ag–ZnO nanoparticles by
functional ANCC, along with the synergetic effect of binary Ag–
ZnO and ANCC. The positive role of non-conducting ANCC in
enhancing the electrochemical performance is also accompa-
nied by a superior surface-to-volume ratio and porous cellulose
structure that favors the transport of electrolyte ions to the
inner part of the electrode.4,55 The above electrochemical
results suggest that the graphite coated ANCC/Ag–ZnO nano-
composite electrode is favorably active as a catalytic electrode
for electrochemical redox reactions. The enhanced electroche-
mical performance at the ANCC/Ag–ZnO nanocomposite elec-
trode can also be explained from the comparative study of
electroactive surface area (EASA), which was estimated from the
respective oxidation peak current (Ipa) by using the Randles–
Sevcik equation (eqn (1)).56

Ipa = 2.69 � 105n3/2AD1/2Cv1/2 (1)

Here n is the number of electrons taking part in the redox
reaction, A is the EASA (cm2), D is the diffusion coefficient
(6.50 � 10�6 cm2 s�1), C is the redox probe [Fe(CN)6]3/4�

concentration (5 � 10�6 mol cm�3) and v is the scan rate
(0.1 V s�1). The calculation revealed that the EASA value of the
ANCC/Ag–ZnO nanocomposite (9.13 cm2) is significantly higher
than those of both ANCC (1.21 cm2) and hybrid Ag–ZnO
(3.41 cm2). The higher EASA of the ANCC/Ag–ZnO nanocompo-
site thus also contributes to higher peak current intensity.
The better electron transfer executed by the graphite coated
ANCC/Ag–ZnO nanocomposite electrode was further evaluated
at various scan rates between 20 and 100 mV s�1 in order
to comprehend the rate capability, electrocatalytic behavior,
sensitivity, and the maximum EASA. Fig. 6B demonstrates that
the peak current response increases with the increase in the
scan rate, while the shape of the CV curves remains nearly
unaltered. The ANCC/Ag–ZnO nanocomposite electrode exhib-
its both enhanced performance and fair reversibility at higher
scan rates up to 100 mV s�1, suggesting that the synthesized
nanocomposite possesses favorable electrochemical properties
for sensor applications. To further analyze the mechanism, a

plot of peak current (Ip) against the square root of scan rate (v1/2)
was constructed, as shown in Fig. 6C. The peak current (Ip)
increases linearly with the scan rate. This suggests that the
reaction indicates a diffusion-controlled electrochemical process.

Fig. 7 shows a series of SWV responses at different scan rates
ranging from 10 to 100 mV s�1 in the potential range of �0.2
to +0.6 V (vs. Ag/AgCl). These curves have been constructed
to obtain an idea on reaction kinetics. As can be seen, the
oxidation peak current increases progressively with the increase
of the scan rate. This behavior indicates that the scan rate
influenced the electrode reaction. This also suggests that
electron transfer kinetics is favorable at higher scan rates due
to reduced diffusion time and that more analyte is oxidized at
higher scan rates due to reduced diffusion time.

The conductance of the electrode is a crucial parameter for
examining the oxidation/reduction capability of an analyte. As
such, the electrochemical impedance spectra (EIS) of the
respective graphite coated ANCC, Ag–ZnO and ANCC/Ag–ZnO
nanocomposite electrodes were measured in phosphate buf-
fered (pH 7.0) 5.0 mM [Fe(CN)6]3/4� solution and the obtained
results are compared in Fig. 8. The semi-circle diameter of the
Nyquist plot in the higher frequency region is due to the charge
transfer resistance (Rct) and the slope of the vertical curve at the
lower frequency region corresponds to the Warburg resistance
(Zw), which corresponds to the diffusion of electrolyte ions in
the electrode material, which always relates to ideal sensor
behavior.57,58 The measured Rct values are 0.12 O, 1.31 O, and
1.29 O for ANCC, Ag–ZnO and ANCC/Ag–ZnO coated electrodes
respectively. The comparatively lower Rct value of the ANCC
coated electrode is believed to be associated with high crystal-
linity, large specific surface area and porosity, which promoted
rapid electron mobility and efficient charge transfer.59 The
incorporation of ANCC into Ag–ZnO leads to the formation of
a nanocomposite structure that leverages the conductive and
structural advantages of ANCC along with the catalytic activity
of Ag–ZnO. This synergistic interaction leads to a reduced
charge transfer resistance in the ANCC/Ag–ZnO electrode,

Fig. 7 SWV curves of the graphite coated ANCC/Ag–ZnO nanocompo-
site electrode in phosphate buffered (pH 7.0) 4.0 mM AA solution at various
scan rates.
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indicating improved interfacial charge transport and electroche-
mical kinetics, an important criterion for high-performance

sensor applications. Above all, irrespective of electrode composi-
tions, the value of Rct is very low and almost negligible. The
electron-transfer rate constant (kET), implying the probability of an
electron being transferred under given conditions, was calculated
using the respective Rct value. The kET values of ANCC, Ag–ZnO,
and ANCC/Ag–ZnO are 2.840, 0.264, and 0.260 s�1, respectively.
The higher kET value of ANCC indicates highly efficient charge
transport at the ANCC/electrolyte interface. In contrast, Ag–ZnO
showed a lower kET (0.264 s�1), reflecting sluggish electron-
transfer kinetics. The slightly lower kET value (0.260 s�1) of the
ANCC/Ag–ZnO nanocomposite signifies that both Ag–ZnO nano-
particles and ANCC contributed to the electrochemical response.
Each electrode exhibits a slightly different gradient in the vertical
curve within the low-frequency range. From the resultant EIS in
Fig. 8, it is evident that ANCC has a relatively lower slope
compared to others and the Nyquist plot of ANCC/Ag–ZnO is
closer to the Y axis, which provides proof for a relatively higher
diffusion rate of electrolyte ions in the electrode material. Hence
comparatively, the fabricated electrode using the ANCC/Ag–ZnO
nanocomposite has a better electrical conductivity and thus it is
relatively suitable for applications in electrochemical sensing.

Based on the above results, the electrochemical measurement
of AA with a graphite coated ANCC/Ag–ZnO nanocomposite

Fig. 8 The Nyquist plots of the EIS of graphite coated ANCC (a), Ag–ZnO
(b) and ANCC/Ag–ZnO nanocomposite (c) electrodes in phosphate buf-
fered (pH 7.0) 5.0 mM [Fe(CN)6]3/4� solution over the frequency range of
5 � 10�2 to 5 � 10�5 Hz measured at a 100 mV s�1 scan rate.

Fig. 9 (A) CV curves of the graphite coated ANCC/Ag–ZnO nanocomposite electrode in phosphate buffered 5.0 mM [Fe(CN)6]3/4� solution (pH variable)
containing 4.0 mM AA at a scan rate of 100 mV s�1. (B) Electrochemical potential, E1/2 versus pH curve and (C) pH tuning in a bar diagram.

Materials Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 3

/3
/2

02
6 

12
:2

4:
18

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00624d


9664 |  Mater. Adv., 2025, 6, 9655–9671 © 2025 The Author(s). Published by the Royal Society of Chemistry

electrode is attempted. First, the pH of the buffer solution was
optimized to get the highest sensitivity. The pH dependent study
was carried out in a phosphate buffer solution of 5.0 mM
[Fe(CN)6]3/4� over the pH range of 4.0–9.0 by adding 4.0 mM
AA and the measurement temperature was around 25 1C. The CV
curves shown in Fig. 9 indicates that the peak current values
improve up to pH 7.0 and then move downward with further
increase in pH beyond 7.0. The strong pH dependent peak
current demonstrates the involvement of proton transfer during
the redox process of the electrochemical reaction.4,56 It is worth
adding that oxidation of AA to dehydro-AA involves the release of
2 electrons and 2 hydrogen ions (Scheme 1). The deprotonation
of AA during electrooxidation reduces the electrode reaction in
the acidic pH region and hence, ultimately the response current.
The finding indicates that phosphate buffer at pH 7.0 is the best
choice to obtain the maximum current response and sensitivity.
In this context, we can say that the fabricated graphite coated
ANCC/Ag–ZnO nanocomposite electrode can be used as a sensor
under the physiological pH conditions and pH 7.0 is chosen
as the optimum value for the following experiments. Fig. 9B
demonstrates the validation of the Nernst equation across the
pH range of 4.0–9.0 by measuring the electrochemical potential
(E1/2). A high regression coefficient of 0.9923 demonstrates an
excellent fit of experimental data to the linear relationship as
predicted by the Nernst equation. Thus, it strongly supports the
validity of the Nernst equation for this particular system and
experimental conditions.

The graphite-coated ANCC and ANCC/Ag–ZnO electrodes
were submerged separately in a definite volume of phosphate-
buffered 5.0 mM [Fe(CN)6]3/4� (pH 7.0) solution to detect analyte
AA for the evaluation of current response capacity. As illustrated
in Fig. 10, it is seen that the peak current intensity increases with
the increase in AA concentration. Comparatively, the current
response achieves the maximum value at the graphite-coated
ANCC/Ag–ZnO nanocomposite electrode (21.3 mA cm�2), almost
eight times higher than that at the graphite-coated ANCC
electrode (2.8 mA cm�2). Hence, the incorporation of binary
Ag–ZnO in ANCC dramatically enhances the charge transport
between the electrolyte and electrode. Different active polar

functional groups and porous structures induce greater adsorp-
tion or accumulation of analyte AA molecules onto the surface of
the ANCC/Ag–ZnO nanocomposite sensor by interacting with the
surface functionalities through non-bonding interactions such
as hydrogen bonding and polar–polar interactions.60 The possi-
ble electrochemical redox mechanism of AA at the designed
electrode is given in Scheme 1. The release of two electrons and
two hydrogen ions increases the oxidation current response.61

The analytical performance of the graphite coated ANCC/Ag–
ZnO nanocomposite was checked by constructing a calibration
curve showing the relationship between peak current and AA
concentration maintained within the range 0–16.0 mM. The
results shown in Fig. 11 represent a linear relation between
peak current and the AA concentration with a regression (R2)
value of 0.9934 and a sensitivity factor of 0.543 mA mM�1 cm�2.
Therefore, it can be said that the graphite coated ANCC/Ag–ZnO
nanocomposite electrode worked fairly well in AA detection and

Scheme 1 The possible electrochemical redox mechanism of AA.

Fig. 10 The variation of response current for graphite coated ANCC (a)
and ANCC/Ag–ZnO nanocomposite (b) electrodes with the change in AA
concentration in phosphate buffered 5.0 mM [Fe(CN)6]3/4� solution. Con-
ditions: scan rate, 100 mV s�1; potential, �0.2 to +0.6 V, pH 7.0.
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can be recommended as a reliable and authentic sensor
for electrochemical analysis. The limit of detection (LOD),
an essential parameter for a sensor, was estimated from
eqn (2).

LOD = (K � S)/m (2)

Here, the signal-to-noise ratio (K) is selected as 3 (a con-
fidence level of 98.3%), the standard deviation (S) of the blank
i.e., without the substrate is 0.00577 mM from the calibration
curve, and the slope (m) of the linear part is 0.543. Hence,
mathematically the LOD is calculated to be 0.031 mM.

To achieve good sensing performance by an electrode, one
needs to develop an electrode with high sensitivity, minimum
LOD, and a wide linear calibration region. Table 1 shows a
comparison of the performance of our graphite-coated ANCC/
Ag–ZnO nanocomposite electrode with some previously
designed electrodes available in the literature. It is observed
that our fabricated graphite electrode possessed a sufficiently

broad linear range (0–16.0 mM) of AA concentration, a good
sign for quantifying the analyte over a wider range. The
sensitivity, an important indicator of efficient qualitative and
quantitative detection of the analyte, is also reasonably good.
The corresponding data on the sensitivity of other prepared
electrodes are not adequately addressed. However, it is worth
mentioning that our graphite coated nanocomposite electrode
possessed better sensitivity than the glassy carbon (GC) mod-
ified GO–Ag–Fe3O4 electrode. The LOD value of our nanocom-
posite electrode is slightly high, but still pretty good for
application as an electrochemical sensor electrode.

Fig. 12A presents the SWV response of the graphite coated
ANCC/Ag–ZnO electrode towards increasing concentrations of AA.
As shown in the voltammograms, the peak current increases
systematically with rising AA concentration, indicating a well-
defined concentration-dependent electrochemical oxidation pro-
cess. The voltammetric peak appears at a consistent potential
(B0.2 V vs. reference electrode), suggesting a stable redox behav-
ior of AA at the electrode surface. The increasing intensity of
the peak confirms the sensitivity of the sensor towards AA. The
corresponding linear relationship between peak current and AA
concentration over the tested range shows a high correlation
coefficient (R2) of 0.9924 (Fig. 12B). This confirms that the sensor
exhibits a high degree of sensitivity and is well-suited for the
quantitative determination of AA.

Reproducibility, selectivity, and stability are all important
parameters for an electrode material to be successful as an
electrochemical sensor. Reproducibility is the capability to
produce an analogous electrochemical signal for consecutive
days during analyte (AA) detection. The CV curves illustrated in
Fig. 13A show a relative standard deviation (RSD) value of the
peak current of 2.06%, which is below the 5% acceptable level.
This result proves the trustworthiness and reliability of the
designed graphite-coated ANCC/Ag–ZnO nanocomposite elec-
trode as a sensor material.

The accuracy of all conditions, such as applied voltage and
buffer environment, is very important for the determination of
a definite analyte in real applications. Thus, the selectivity of
the graphite coated ANCC/Ag–ZnO nanocomposite electrode
sensor for the selective detection of AA in a complex mixture is
to be justified. For this, the anti-interfering capacity of the
fabricated nanocomposite electrode was evaluated in the

Fig. 11 Calibration curve of response current against variable AA concen-
tration for the graphite coated ANCC/Ag–ZnO nanocomposite electrode
in phosphate-buffered 5.0 mM [Fe(CN)6]3/4� solution. Conditions: scan
rate, 100 mV s�1; potential, �0.2 to +0.6 V, pH 7.0.

Table 1 Comparison of electrode performance with some reported literature values

Electrode Sensitivity (mA mM�1 cm�2) LOD (mM) Linear range (mM) Ref.

ZnO NPs/GCE — 0.0184 0.05–1.0 62
Cu–Ag/rGO — 0.0036 0.005–0.03 63
CoPtNPs/Pt 0.103 0.00037 0.01–0.5 64
Ag2S–CuO–ZnO/GCE — 0.00073 0.001–0.15 11
GO–Ag–Fe3O4/GCE 1.1468 0.000074 0.0002–0.06 65
Fe-doped CuO/GCE — 0.00466 0.005–0.05 66
ERGO/Fe–Fe2O3/GCE — 0.00593 0.05–10.0 67
Au–Cu2O/MWCNTs/GCE — 0.0003 0.0001–0.2 68
Co–N/Zn@NPC/GCE — 0.0000076 0.0001–0.1571 69
Graphite-coated ANCC/Ag–ZnO 0.543 0.031 0–16.0 This work

Note: GCE = glassy carbon electrode, rGO = reduced graphene oxide, MWCNTs = multi-walled carbon nanotubes, NPC = nanoporous carbon.
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presence of some possible interfering compounds like sucrose,
D-glucose, and uric acid (UA). The concentrations of interfering
compounds and that of AA were kept identical at 1.0 mM and
the measurement was carried out in phosphate buffered

solution at pH 7.0 with the scan rate being fixed at
100 mV s�1. Fig. 13B reveals that the CV current response of
interfering compounds is insignificant in comparison to AA.
Therefore, the graphite coated ANCC/Ag–ZnO nanocomposite

Fig. 12 (A) SWV responses of the graphite coated ANCC/Ag–ZnO nanocomposite electrode towards increasing concentrations of AA in 0.1 M
phosphate buffer at pH 7.0. The arrow indicates the direction of increasing AA concentration. (B) The corresponding calibration curve shows a linear
relationship between peak current and AA concentration. Conditions: scan rate 100 mV s�1.

Fig. 13 (A) Reproducibility of CV curves of the graphite coated ANCC/Ag–ZnO nanocomposite electrode dipped in phosphate-buffered 5.0 mM
[Fe(CN)6]3/4� solution containing 4.0 mM AA. (B) Change in the oxidation current response in the presence of 1.0 mM of the respective AA and interfering
substance in the potential range of �0.2 to +0.6 V. (C) Retention of response current over an extended number of cycles at the potential of �0.2 to
+0.6 V. Conditions: scan rate, 100 mV s�1; pH 7.0.
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electrode sensor suffers almost no interference from these fast
electron transfer species during the detection of AA. This result
demonstrates the good anti-interfering capacity of the prepared
nanocomposite.

The stability of the ANCC/Ag–ZnO nanocomposite electrode
sensor is another required criterion, and it was tested via a
continuous CV method in phosphate-buffered 5.0 mM
[Fe(CN)6]3/4� solution (pH 7.0) containing 4.0 mM AA. The peak
current response was monitored, and the peak current reten-
tion as a measure of stability is given in Fig. 13C. About 81% of
the initial current response value is retained after 1500 cycles of
detection. The color of the electrolyte media did not change
following repeated cycling measurements, indicating that peel-
ing off of the electrode material did not occur. In another
stability test, the freshly prepared graphite coated ANCC/Ag–
ZnO nanocomposite electrode was housed in a refrigerator for
four weeks at 4 1C. The extended period of stability of the
ANCC/Ag–ZnO nanocomposite electrode sensor exhibited an
identical response to the initial response. The comprehensive
stability of ANCC/Ag–ZnO as a sensor electrode material is thus
good enough for electrochemical detection of a biological
analyte.

The response time, tR, of the graphite coated ANCC/Ag–ZnO
electrode towards AA was evaluated using a single SWV scan
after analyte injection, as presented in Fig. 14. Following the
introduction of AA, the sensor exhibited a rapid increase in
current, reached its peak value within 3 seconds, indicating a
rapid and sensitive electrochemical response suitable for real-
time or flow-based sensing applications.

For the real sample analysis, the fabricated ANCC/Ag–ZnO
nanocomposite coated battery electrode sensor was used to
analyze blood serum containing various known concentrations
of AA. The blood samples were prepared in phosphate buffered
solution at pH 7.0. The resulting values are evaluated in
percentage terms against the known values. A blank electro-
chemical analysis was performed before real blood sample

analysis. The measurement values are presented in Table 2. It
is evident that the electrochemical method gives value close to
the real concentration value. Hence, the ANCC/Ag–ZnO nano-
composite can be useful in designing sensor probes for clinical
applications.

Conclusion

Here, an aminated nanocrystalline cellulose stabilized binary
Ag–ZnO nanocomposite, named ANCC/Ag–ZnO, has been used
for coating the graphite electrode and applied to quantify AA
via electrochemical sensing. The NCC, prepared from raw
rice (Oryza sativa) straw through successive alkali treatment,
bleaching, and H2SO4 (60%) hydrolysis, is amine functionalized
to generate ANCC for facilitating the strong binding with binary
hybrid Ag–ZnO nanoparticles. The resultant ANCC/Ag–ZnO
nanocomposite is finally obtained via a green reduction
protocol using the ethanol extract of mussaenda flower
(M. erythrophylla) bracts. The average size of the ANCC/
Ag–ZnO nanocomposite is around 9.77 nm, fairly spherical as
measured from TEM. The EDX analysis of the nanocomposite
confirmed the existence of Ag (2.6 at%) and Zn (0.17 at%) along
with carbon and oxygen. The average crystallite size of binary
Ag–ZnO in the nanocomposite is 7.02 nm, and the degree of
crystallinity of the nanocomposite is 69%, slightly decreased
from 73% in ANCC. A comparative CV analysis among graphite-
coated ANCC, Ag–ZnO and the ANCC/Ag–ZnO nanocomposite
showed enhanced electron transfer capacity from the nano-
composite electrode due to the synergistic effect of binary Ag–
ZnO and ANCC. In the electrochemical sensing of AA, the
graphite coated nanocomposite electrode (21.3 mA cm�2)
demonstrated an around 8-fold increase in current response
compared to the native ANCC electrode (2.8 mA cm�2) and
showed good electrocatalytic properties in the linear range of
0–16.0 mM. Additionally, the nanocomposite electrode pos-
sessed fairly good sensitivity (0.543 mA mM�1 cm�2), good
LOD (0.031 mM) and good reproducibility with an RSD value of
2.06%. The nanocomposite electrode demonstrated excellent
selectivity towards AA in the presence of other interfering
electroactive biological molecules. Meanwhile, the response
current, observed from SWV measurement, reached its peak
value within 3 seconds of AA injection. The graphite modified
nanocomposite electrode thus favored a rapid and sensitive

Fig. 14 Response time profile of the graphite coated ANCC/Ag–ZnO
nanocomposite electrode upon exposure to phosphate buffered solution
(pH 7.0) containing 4.0 mM AA. Conditions: scan rate 100 mV s�1.

Table 2 Analytical results of AA estimation in reference samples using the
ANCC/Ag–ZnO nanocomposite coated battery electrode sensor

Reference
sample code

Proposed
method
conc. (mM)

Real
conc. (mM)

RSD
(%)

1 0.59 0.5 4.47
2 1.99 2.0 0.37
3 2.45 2.5 2.35
4 4.06 4.0 2.76
5 4.99 5.0 0.28
6 4.98 5.0 1.20
7 5.97 6.0 1.47

Note: RSD = relative standard deviation.
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electrochemical process. In summary, we can say that the
synthesized ANCC/Ag–ZnO nanocomposite material can be
used to fabricate electrode materials for electrochemical sens-
ing and quantification of AA in biological samples.
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