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nium-functionalized ZnO
nanoflakes on flexible carbon cloth for
electrochemical sensing of acetone in the liquid
phase†

Azhar Abbas,a Seemal Mansoor,b Mian Hasnain Nawaz, b Aqif Anwar Chaudhry,b

Kashif Ijaz,b Sara Riaz *c and Akhtar Hayat *b

Simple detection of acetone is indispensable due to its health and environmental concerns. Surface-

modified electrodes are promising for the detection of acetone. In the present study, the facile

fabrication of ZnO nanoflakes on carbon cloth (CC) is reported. The electrode was fabricated by

decorating the CC with ZnO nanoparticles (ZnO NPs), followed by the hydrothermal treatment and

modification with diazonium salt using linear sweep voltammetry (LSV) forming ZnO nanoflakes (ZnO

NFs) on ZnO NPs/CC. The as-prepared ZnO/CC electrode was used for the detection of acetone at

room temperature using cyclic voltammetry. Fourier transform infrared spectroscopy (FTIR), atomic

force microscopy (AFM), scanning electron microscopy (SEM), X-ray diffraction (XRD), and Brunauer–

Emmett–Teller (BET) analyses were used for the chemical and physical characterization of the CC before

and after each modification step. The obtained data manifested that ZnO NFs functionalized with

diazonium salt increased the roughness of the CC surface, which was advantageous to promote the

interaction between CC and acetone target. The modified sensing platform showed excellent

performance in terms of the wide working range (0.1–2000 ppm) and low detection limit (0.03 ppm),

making it a promising and cost-effective sensor of acetone in the liquid phase.
1. Introduction

In recent times, the increased industrial advancements have
contributed to the evolution of concentrations of hazardous and
volatile gases such as ammonia, toluene, and acetone in the
atmosphere. The exhaled breath contains numerous volatile
organic compounds (VOCs). To access different human health
conditions, the exact analysis and quantication of these VOCs
are of considerable importance. These VOCs can act as markers
for the diagnosis of different diseases and also provide advan-
tages of non-invasive testing.1–3 Acetone is one such volatile
reagent widely used in various industries and pharmaceutical
laboratories. Exposure to the high concentration of acetone in
our environment can badly affect human health, causing
headache, necrosis, fatigue, and irritation to the eyes, nose, and
throat.4
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The quantitative determination of the concentration of gaseous
acetone in exhaled breath can provide a basis for the determina-
tion of blood glucose levels.5,6 Typically, a healthy human breath
contains acetone in the range of 0.3–4.0 ppm, which can increase
to 1250 ppm in a person suffering from diabetic ketoacidosis.7,8 If
the concentration of acetone exceeds 173 ppm, it can cause
damage to the eyes, nose, nervous system, and skin.9

Several techniques have been used for the detection of acetone
such as gas chromatography,10 ion mobility spectrometry,11 and
mass spectrometry.12However, these techniques are usually time-
consuming, require high operating temperatures, involve
expensive and huge instrumentation, and require skilled opera-
tors.13 Additionally, they detect acetone in the gas phase. There-
fore, it is of utmost importance to develop a cost-effective and
practical device to sense acetone with high sensitivity and selec-
tivity. On the other hand, electrochemical sensors offer an effi-
cient, easy-to-use, sensitive, and simple approach to detecting an
analyte of interest in the liquid phase.14,15

Some nanomaterial-modied electrodes have been reported
for the quantication of acetone. For instance, metal oxides,
such as TiO2, SnO2, Co3O4, Ag2O, W18O49, ZnO, andWO3, due to
their intrinsic catalytic behavior and tunable size and shapes,
have been extensively used for the development of acetone
sensors.9,16–18 In two such reports, MnO2/Gd2O3/SnO2 and Ag2O
RSC Adv., 2023, 13, 11537–11545 | 11537
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nanosheet-modied glassy carbon electrode (GCE) were used as
a chemical sensor to detect acetone and it exhibited a LOD 0.068
± 0.003 nM and 0.11 mM, respectively.19,20 Sun et al. used solve-
thermally synthesized W18O49/Ti3C2Tx MXene nanocomposites
for the detection of acetone with LOD 2.93 mM.21 In another
research, CdS nanospheres/Co3O4 nanobers hybrid was used
for the detection of acetone and it exhibited a LOD of 59.8 mM.22

Due to their unique electronic and optical properties, ZnO
nanoparticles (ZnO NPs) have received more attention in gas
sensing.23 ZnO NPs are promising materials for sensing acetone
due to their high stability, ease of synthesis and handling, better
compatibility, and reliability.24 Only a few reports have investi-
gated acetone detection in the liquid phase.25 For example, ZnO/
SnO2/Yb2O3 nanoparticle-modied GCE showed a 0.05 nM
detection limit for acetone using the I–V detection method.26 In
another research, a uniform two-dimensional Zn–benzene
tricarboxylic acid-metal organic framework (Zn–BTC MOF)
nano-sheet with a thickness of 14 ± 2 nm exhibited a detection
limit for acetone at 1.7 mM.27

Despite the very low detection limit, the fabricated electrode
is complex and is supported on glassy carbon bulk electrodes,
making it practically difficult for wide applications. Alterna-
tively, carbon cloth (CC) has gained extensive interest as
a working electrode and support material among other elec-
trode interfaces (glassy carbon electrode, pencil, and screen-
printed carbon electrode) because it is light in weight, ex-
ible, easy to handle, chemically stable, highly porous, electri-
cally conductive, large surface arcea and cheap.28–30 Yet, carbon
cloth, to the best of our knowledge, has not been used as
a support for acetone detection. Furthermore, functionalization
of the surface with diazonium salts has been reported to
improve the sensing performance by promoting the bonding of
acetone to the diazonium-modied surface.29 By combining
synergistic properties of diazonium salt and ZnO NPs for the
detection of acetone, a sensor can be fabricated for the quan-
tication of acetone.

In this work, the growth of ZnO nanoakes (ZnO NFs) at the
surface of ZnO nanoparticles (ZnO NPs) seeded CC (ZnO NFs/
ZnO NPs/CC) through hydrothermal treatment is reported.
This ZnO NFs/ZnO NPs/CC was then modied with diazonium
salt using LSV and explored as an electrochemical sensor for the
sensitive and selective detection of acetone. Structural and
chemical properties of ZnO NFs/CC were investigated by FTIR,
SEM, AFM, XRD, and BET techniques. The electrochemical
sensing performance of acetone was examined using cyclic
voltammetry.

2. Experimental
2.1. Materials and apparatus

Analytical grade phosphate buffer saline (PBS), potassium
ferrocyanide [K4Fe(CN)6], hydrochloric acid (HCl), potassium
ferricyanide [K3Fe(CN)6], 4-aminobenzoic acid (99%), sodium
nitrite (97.0%), acetone, toluene, ethanol, methanol, ammonia,
and trimethyl ammine were purchased from Sigma-Aldrich.
Zinc nitrate [Zn(NO3)2] and ammonia (NH3) were purchased
from Nacalai Tesque, Inc. Deionized water (D-H2O) was
11538 | RSC Adv., 2023, 13, 11537–11545
available from ELGA PURELAB® ultra water deionizer. All these
chemicals were used as received without further purication.

Stock solutions of analyte were prepared in PBS buffer (pH =

7.4). Deionized water was used for the preparation of all
solutions.
2.2. Seeding of ZnO NPs on CC (ZnO NPs/CC)

Seeding of ZnO NPs on CC to obtain ZnO NPs/CC was carried
out by the following method. Firstly, a dispersion of ZnO NPs
was prepared. This was achieved by sonicating 1.5 mg of ZnO
NPs in 6 mL of deionized water. Secondly, the ZnO NPs were
seeded on CC. Seeding of ZnO NPs was performed by soaking
the piece of CC in the dispersion of ZnO NPs in a Petri dish for
30 min at 95 °C. The CC seeded with ZnO NPs was then dried in
an oven for 30 min.
2.3. Epitaxial growth of ZnO-NFs on ZnO NPs/CC

In order to perform the growth of ZnO NFs, Zn(NO3)2$6H2O (1.5
g) was added to D-H2O (20mL) under continuous stirring till the
clear solution was obtained. Aqueous ammonia solution was
then added to this Zn(NO3)2 solution. On gradual addition of
aqueous ammonia, ZnO(NO3)2 solution rst became turbid and
then transparent. The pH of the solution was maintained at 11
using NaOH. In order to perform the growth of ZnO-nanoakes
on seeded CC through the hydrothermal treatment, the seeded
CC was dipped in a glass vial containing Zn(NO3)2 solution. The
glass vial was kept in a 40 mL Teon-lined stainless-steel
autoclave and sealed tightly. The temperature of the autoclave
was kept at 90 °C for 2 hours. Then, the CC was taken out from
the vial and dehydrated at 50 °C for 5 hours in an oven. The
successful growth of ZnO NFs on seeded CC was conrmed
through SEM.
2.4. Characterization of sensing materials

Surface morphology of carbon cloth (bare, seeded, and modi-
ed) was observed using scanning electron microscopy (SEM),
using a VEGA-3 TESCAN variable pressure mode (LMU) version
(Brno, Czech Republic) with different magnication ranges at
an accelerated voltage of 20 kV. The surface functionalization of
bare and modied carbon cloth was investigated using Fourier
transform infrared (FTIR) using a Nicolet 6700 spectrometer
(Thermo Fisher Scientic, Waltham, MA, USA). Atomic force
microscopy (AFM) was performed using the park system AFM
XE7. ZnO NPs samples were also characterized by X-ray
diffraction (XRD) using a Philips X'Pert-Pro X-ray diffractom-
eter. The X-ray tube was operated at a voltage of 40 kV, while the
beam current was 30 mA. For recording the XRD patterns, the 2q
range was between 20° and 75° at 0.02° steps. The scan speed
during the analysis was kept at 5° per min. The adsorption
properties of ZnO samples such as surface area, pore volume,
and average particle size were analysed using the instrument
provided by Micromeritics Instrument Co. The sample was
degassed at 80 °C for 2 h prior to measurement. The surface
area was determined by the multipoint BET (Brunauer–
Emmett–Teller) method using the adsorption data as a function
© 2023 The Author(s). Published by the Royal Society of Chemistry
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of relative pressure. Before BET analysis, the samples were oven
dried at 80 °C for 24 h.

The electrochemical measurements were recorded using the
Gamry Reference 3000 potentiostat/galvanostat (Warminster,
PA, and USA). In a three-electrode system, CC was used as
a working electrode, platinum wire as a counter electrode, and
silver/silver chloride was used as the reference electrode.
2.5. Preparation of potassium ferro-ferricyanide and
diazonium solution

The potassium ferro/ferricyanide solution (5 mM) was prepared
by dissolving potassium ferrocyanide (31.7 mg) and potassium
ferricyanide (24.7 mg) in PBS (15 mL, 7.4 pH). Diazonium salt
was prepared by mixing 4-aminobenzoic acid (2 mM), HCl (0.5
M), D-H2O, and some drops of NaNO2 (1 M) for 5 min at room
temperature.29 The ZnO NFs/ZnO NPs/CC surface was modied
by diazonium salt through LSV in a potential range of 0.6 V to
−0.8 V.
2.6. Functional assay for acetone

For acetone detection, cyclic voltammograms (CVs) of ZnO NFs/
ZnO NPs/CC modied with LSV-reduced diazonium reacted
with different concentrations of acetone (0.1–2000 ppm) and
unmodied ZnO NFs/ZnO NPs/CC in the same concentration of
acetone and diazonium salt were recorded. To obtain the
maximum response for acetone sensing, the fabricated elec-
trode was tested in various buffer systems of pH = 5.7, 6.5, 7.0,
7.4, and 8.0. The fabricated sensor was found to be more
responsive at pH 7.4. So, all the studies were carried out at pH
7.4. These CVs were recorded in the potential range −0.6 V to
0.6 V at a scan rate of 100 mV s−1.
3. Results and discussion

The schematic route of growth of ZnO NFs at the surface of ZnO
NPs/CC is illustrated in Scheme 1. Seeding of CC with ZnO NPs
Scheme 1 Growth of ZnO nanoflakes on seeded CC.

© 2023 The Author(s). Published by the Royal Society of Chemistry
was carried out by dipping a bare CC in the ZnO NPs dispersion.
The growth of ZnO NFs on this seeded CC was achieved by
hydrothermal treatment. The success of the seeding of CC with
ZnO NPs and then the growth of ZnO NFs on this seeded CC was
conrmed from SEM images (Fig. 2C). Furthermore, ZnO NFs/
ZnO NPs/CC was modied by diazonium salt for the detection
of acetone through electrochemical characterization.
3.1. Characterization of ZnO NPs, ZnO NPs/CC, and ZnO
NFs/CC by XRD

Fig. 1A shows the XRD pattern of the synthesized ZnO NPs. All
the peaks of the XRD pattern of the synthesized ZnO NPs can be
indexed to ZnO with a hexagonal structure. Comparison of the
XRD pattern of the ZnO NPs sample with the standard card of
hexagonal ZnO evidenced that the ZnO NPs sample was present
as a pure single phase of ZnO because no diffraction peaks of
other impurities were detected. The XRD patterns of ZnO NPs/
CC and ZnO NFs/ZnO NPs/CC are presented in Fig. S3.† On
comparing these XRD patterns with the XRD pattern of pure
ZnO NPs, it is evident that ZnO NPs and ZnO NFs were
successfully grown on CC. All the peaks of the XRD pattern of
ZnO NPs are present in the XRD patterns of ZnO NPs/CC and
ZnO NFs/ZnO NPs/CC but with less intensity (see Fig. S3†).

The surface area and average particle size of ZnO NPs were
calculated by the BETmethod and it was found to be 16.88 units
and 355.4 nm.
3.2. Characterization of CC, ZnO NPs/CC, and ZnO NFs/ZnO
NPs/CC by FTIR, SEM, and AFM

In order to identify the functional groups and to conrm the
successful synthesis of the sensing materials FTIR spectra of
CC, ZnO NPs/CC, and ZnO NFs/ZnO NPs/CC were recorded and
compared. These spectra are presented in Fig. 1B. A large peak
at 3645 cm−1 in the FTIR spectrum of bare CC (see Fig. 1B(a))
can be attributed to OH stretching vibration. Peaks at 2925 and
3252 cm−1 represent symmetric and asymmetric stretching
RSC Adv., 2023, 13, 11537–11545 | 11539
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Fig. 1 (A) XRD patterns of pure ZnO NPs sample and (B) FTIR spectra of (a) bare CC, (b) ZnO NPs/CC, (c) ZnO NFs/ZnO NPs/CC.
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vibrations of the CH2 group, respectively. Another strong peak
corresponding to the C–C bond stretching appeared at
1480 cm−1. Three more peaks at 2170, 1390, and 1125 cm−1

characterized C]O, C–N, and C–O stretching vibrations,
respectively. The intensity of these three peaks decreased due to
the interaction between CC and ZnO-NPs in the FTIR spectrum
of ZnONPs/CC. A new smaller peak at 1164 cm−1 was due to Zn–
O stretching vibration while the peak at 1341.3 cm−1 is attrib-
utable to the occurrence of interaction between CC with ZnO
NPs (see Fig. 1B(b)). An increase in the intensity of the Zn–O
peak was observed in the FTIR spectrum of ZnO NFs/ZnO NPs/
CC (see Fig. 1B(c)). All other characteristic peaks of CC were
observed in the FTIR spectra of ZnO NPs/CC and ZnO NFs/ZnO
NPs/CC.

The surface morphology of bare CC, ZnO NPs/CC, and ZnO
NFs/ZnO NPs/CC CC was examined by SEM, as shown in
Fig. 2A–C. The surface of bare CC was perfectly smooth (see
Fig. 2A) and uniform.30–32 A uniform attachment of ZnO NPs was
clearly seen on the surface of CC aer seeding CC with ZnO NPs
(see Fig. 2B). Similarly, Fig. 2C shows the growth of ZnO NFs on
ZnO NPs seed CC (see Fig. 2C). These SEM images result clearly
indicate that ZnO NPs and ZnO NFs were successfully grown on
CC.

For the study of surface roughness, AFM was used. The
topographical analysis exposed the roughness of bare CC, ZnO
Fig. 2 SEM images: (A) bare CC, (B) seeded ZnO NPs/CC, (C) ZnO NFs/

11540 | RSC Adv., 2023, 13, 11537–11545
NPs/CC, and ZnO NFs/ZnO NPs/CC, as shown in Fig. 3A–C. Bare
and untreated CCs have a smooth and plain surface (see
Fig. 3A),33 the roughness value, revealing the efficiency of CC
electrodes as 0.62 mm, 0.17 mm, and 0.12 mm, respectively,
decreased through the successive steps (see Fig. 3A–C), respec-
tively, of the proposed sensor. The lowest roughness of the ZnO
NFs/CC comprehends the increased homogeneity. An increase
in homogeneity increases the electron conductivity of the
working electrode (CC).34

Moreover, the thickness of CC, ZnO NPs, and ZnO NFs/ZnO
NPs/CC were calculated using d = V/S, and V = M/r where d =

thickness, V = volume, M is mass in g and S is the surface area
of CC in cm2. The density (r) of the carbon ber was 1.8 g cm−3.
Thickness for bare CC, ZnO NPs, and ZnO NFs/ZnO NPs/CC
were found to be 0.05 mm, 0.051 mm, and 0.058 mm,
respectively.

3.3. Electrochemical characterization

Cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) were selected for the characterization of the
proposed sensor.35 CVs of CC, ZnO NPs/CC, and ZnO NFs/ZnO
NPs/CC are presented in Fig. 4A(a–c). In the reported litera-
ture, CV and EIS in ferro/ferricyanide solution are useful and
important tools to monitor the behavior of any proposed
strategy because electron transfer could occur either through
ZnO NPs/CC.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 AFM images: (A) bare CC, (B) seeded ZnO NPs/CC, (C) ZnO NFs/ZnO NPs/CC.
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the barrier or through the defects in the barrier. The conduc-
tivity of the bare and modied electrode (CC) was checked by
cyclic voltammetry. The electrochemical current peak increased
in the case of ZnO NPs modied CC (b) compared to that of the
bare carbon cloth (a) (see Fig. 4A(a and b)). However, the growth
of ZnO NFs on CC seeded with ZnO NPs decreased the electron
transfer or conductivity (see Fig. 4A(c)). This might be due to the
aggregation of ZnO NPs on the CC surface.

Similarly, the impedimetric responses of CC, ZnO NPs/CC,
and ZnO NFs/ZnO NPs/CC are presented in Fig. 4B(a–c). The
impedimetric response was in accordance with the CV response
for bare CC, ZnO NPs/CC, and ZnO NFs/ZnO NPs/CC. The
resistivity of ZnO NFs/ZnO NPs/CC (c) was higher than that of
the CC seeded with ZnO NPs (b) and bare CC (a) (see Fig. 4B(a–
c)). Moreover, it is also clear from the plots that the impedi-
metric response is supportive of the data from the cyclic
voltammetry.

Before the detection of acetone, ZnO NFs/ZnO NPs/CC was
modied through diazonium salt via linear sweep voltammetry
Fig. 4 (A) Cyclic voltammograms of carbon cloth in 5 mM [Fe(CN)6]−3/−

NPs, (c) ZnO NFs/ZnO NPs/CC. (B) Electrochemical impedance spectra;

© 2023 The Author(s). Published by the Royal Society of Chemistry
(LSV) in the potential range 0.6 to −0.8 V at a scan rate of 50
mV−1.36,37 Fig. S1† A represents the electrochemical reduction
peak in the acetone solution (0.5 ppm) in diazonium salt. The
intensity of the electrochemical signal conrmed the strong
attachment between benzoic acid and electrode surface (CC)
with the removal of N2 gas. LSV was performed at various
incubation times (0 min, 15 min, and 30 min) for the optimi-
zation of the best time for covalent bonding between CC and
benzoic acid. These voltammograms are presented in
Fig. S1B(a–c).† An incubation time of 15 min was optimized for
the best covalent attachment between CC and benzoic acid for
the modication of the electrode (CC) (see Fig. S1B(c)†) and this
time was selected for further experimentation.

Moreover, the electro-active areas of CC, ZnO NPs, and ZnO
NFs/ZnO NPs/CC were calculated using the Randles–Sevcik
equation

Ip ¼ 2:69� 105n3=2AD
1=2
0 C*

0y
1=2
4 at a scan rate of 100 mV s−1 for; (a) bare CC, (b) CC seeded with ZnO
(a) bare CC, (b) CC seeded with ZnO NPs, (c) ZnO NFs/ZnO NPs/CC.

RSC Adv., 2023, 13, 11537–11545 | 11541
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where Ip is the anodic current, n is the number of electrons
transferred, A is the surface area of the electrode in cm2, D0 is
the diffusion coefficient in cm2 s−1 and y is the scan rate in V
s−1. The electrode surface areas were found to be 0.0106 cm2,
0.012 cm2, and 0.064 cm2 for CC, ZnO NPs, and ZnO NFs/ZnO
NPs/CC, respectively.
3.4. Detection of acetone

The electrochemical response of ZnO NFs/ZnO NPs/CC with and
without the modication with diazonium salt towards the
detection of acetone is presented in Fig. S2(a–d).† It is clearly
observed that ZnO NFs/ZnO NPs/CC modied with LSV reduced
diazonium-reacting acetone (0.5 ppm) in the presence of PBS
(pH-7) (c) that showed an enhanced electrochemical signal
compared to that of the unmodied ZnO NFs/ZnO NPs/CC (b) in
the presence of PBS (PH-7) with the same concentration of
acetone (0.5 ppm). The electrochemical response of unmodied
ZnO NFs/ZnO NPs/CC was evaluated with the same concentra-
tion of acetone (0.5 ppm) and diazonium salt (d) and almost the
same response was noted as in the case of ZnO NFs/ZnO NPs/CC
modied with LSV reduced diazonium reacted acetone (0.5
ppm). The response of bare CC (a) in the presence of the same
concentration of acetone (0.5 ppm) did not show any signicant
peak.

Acetone reduction is competitive to the hydrogen evolution
reaction, which occurs in a similar potential region; hence, the
current for acetone reduction to isopropanol and hydrogen
evolution is convoluted in the recorded CVs. A similar voltam-
metric behavior has been reported at Ru NPs in 1M acetone/1M
NaOH electrolyte.38 It is noteworthy to mention that the peak
position and current as well as the reaction product are signif-
icantly dependent on the catalyst material.
Fig. 5 (A) Electrochemical response of NFsmodified CC in diazonium sal
200, f-400, g-800, h-1000, i-1500, j-2000 ppm) at a scan rate of 10
concentrations.

11542 | RSC Adv., 2023, 13, 11537–11545
In order to evaluate the sensitivity and selectivity of the
proposed sensor, it is important to study the effect of analyte
concentration on the electrochemical signal. Cyclic voltammo-
grams (CVs) of ZnO NFs/ZnO NPs/CC modied with LSV-
reduced diazonium reacted with different concentrations of
acetone (0.1–2000 ppm) are presented in Fig. 5A. These CVs
were recorded in the potential range −0.6 V to 0.6 V at a scan
rate of 100 mV s−1. The anodic peak represents the electro-
catalytic oxidation of isopropanol.37 A signicant increase in
oxidation anodic peak at 0.1 V was observed with an increase in
the analyte concentration in both cases. A proportional increase
in the faradaic oxidation current was observed with an increase
in acetone concentration and this made the basis for the
construction of a calibration plot and detection of acetone. A
calibration curve was constructed at different concentrations of
acetone with the help of oxidation current obtained by
recording CVs (Fig. 5B). The calibration plot showed a good
linear relationship between peak current and the analyte
concentration in the range of 0.1–2000 ppm with a detection
limit of 0.03 ppm for acetone estimated from the signal-to-noise
ratio of these data. The response of the electroactive transducer
surface was increased in the presence of acetone, showing the
complex formation between the transducer surface and
acetone. CVs of unmodied ZnO NFs/ZnO NPs/CC in the same
concentration of diazonium salt and acetone were also recorded
as shown in Fig. 6A. By increasing the acetone concentration in
the linear range 0.1 to 2000 ppm, a gradual increase in the peak
current was observed, as shown in Fig. 6B. Comparison of
Fig. 5A, B and 6A, B shows that the modied ZnO NFs/ZnO NPs/
CC exhibited somewhat better and signicant responses
(Fig. 5A) than unmodied ZnO NFs/ZnO NPs/CC. Consequently,
these results suggest that the designed acetone sensor is very
much useful for electrochemical sensing.
t with different concentrations of acetone (a-0.1, b-0.5, c-50, d-100, e-
0 mV s−1. (B) Calibration curve of the detected analyte at different

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (A) Electrochemical response of NF-modified CC in diazonium salt with different concentrations of acetone (a-0.1, b-0.5, c-50, d-100, e-
200, f-400, g-800, h-1000, i-1500, j-2000 ppm) at a scan rate of 100 mV s−1. (B) Calibration curve of the detected analyte at different
concentrations.

Table 1 Comparison of the ZnO NFs/ZnO NPs/CC/diazonium salt
sensor for acetone sensing with other ZnO-based sensors reported in
the literature

Sensing material LOD (ppm)

ZnO nanoparticles40 0.07
ZnO/CO3O4 nanorods

41 0.85
Ag2S/NiO–ZnO nanocomposites42 3.5
ZnO/Co3O4 heterostructure

43 1.0
NiO/ZnO composites44 0.8
NiO/ZnO microwers45 10
Sn-doped ZnO46 5.0
ZnO/ZnCo2O4 hollow spheres47 10
Pt-doped ZnO NPs48 0.10
ZnO NFs/ZnO NPs/CC/Diazonium salt (current work) 0.03

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 1

1/
29

/2
02

5 
3:

54
:1

0 
PM

. 
 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
In these experiments of electrochemical detection of
acetone, the gradual increase in current is due to an increase in
acetone concentration in the buffer on ZnO NFs/ZnO NPs/CC/
diazonium electrode. ZnO NFs/ZnO NPs/CC provides more
surface area for the adsorption of O2. While diazonium graed
on the surface of ZnO NFs/ZnO NPs/CC facilitates the adsorp-
tion of acetone.39 At the initial stages, the reduction reaction of
acetone was limited due to the less adsorbed amount of acetone
on the electrode surface. The surface coverage of the electrode
increases with an increase in the concentration of acetone in
the buffer, which then enhances the reduction reaction of
acetone thereby increasing the electrochemical signal. Acetone
releases electrons in the buffer during its reduction by adsorbed
O2, which results in an increase in the electrochemical signal.
The proposed mechanism for the reaction that occurs on the
electrode surface is initiated by adsorbed O2, which becomes O−

due to adsorption on n-type ZnO NPs and ZnO NFs. This O−

reduces adsorbed acetone. The reaction results in the release of
electrons, hydrogen, and carbon dioxide. The reactions occur-
ring are given as:

CH3COCH3 + 4O− / CH3COOH + CO2 + H2O + 4e−

CH3COOH + 7O− / 3CO2 + 3H2 + O2 + 7e−

This release of electrons enhances the electrochemical signal
and makes the basis of acetone sensing.

An estimate of total surface coverage (G) of acetone can be
evaluated from the charge passed (Q) by integrating the area
under the voltammetric peaks using the equation: G= Q/nFA,
where n is the number of electrons transferred, F is Faraday's
constant, and A is the electrode area. A surface concentration of
G = 3.01 ± 0.75 × 10−9 mol of acetone to the electrode surface
can be estimated.
© 2023 The Author(s). Published by the Royal Society of Chemistry
The SEM images aer the detection of acetone with ZnONPs/
ZnO NFs/CC are presented in Fig. S4.† Comparison of this
image with that of ZnO NPs/ZnO NFs/CC before acetone
detection clearly shows that there is a difference in the
morphology of ZnO NPs/ZnO NFs/CC before and aer the
detection of acetone. This supports our proposed mechanism
and indicates the reaction occurring on the surface of the
designed sensor.

The acetone detection capability of the ZnO NFs/ZnO NPs/
CC/diazonium salt was compared with that of the other ZnO-
based sensors previously published as presented in Table 1.
The comparison shows that ZnO NFs/ZnO NPs/CC/diazonium
salt exhibited a limit of detection as low as 0.03 ppm.
3.5. Interference by other analytes

The response of the fabricated sensor toward 0.5 ppm of various
interfering analytes such as methanol, ethanol, benzene,
ammonia, and toluene was also investigated. The sensor
RSC Adv., 2023, 13, 11537–11545 | 11543
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Table 2 Recovery percentages obtained with the fabricated sensora

Acetone added
(ppm)

Acetone found
(ppm) R.S.D (%) R.E (%) R (%)

0.4 0.38 4.5 5 95
150 144 3.8 4 96
1800 1750 4.1 2.8 97.2

a R.S.D (%) = relative standard deviation percentage; R.E (%) = relative
error percentage; R (%) = recovery percentage.
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displayed superior selectivity and response toward the same
concentration of acetone (0.5 ppm), as compared with other
interfering analytes.

3.6. Reproducibility and stability of the fabricated sensor

The reproducibility of the fabricated sensor was investigated
with inter-assay precision. The inter-assay precision was tested
with the same acetone concentration with ve sensors (ZnO
NFs/ZnO NPs/CC modied with LSV-reduced diazonium) inde-
pendently prepared under the same experimental conditions. A
relative standard deviation of 4.3% was obtained. These values
of relative standard deviation indicate that the designed sensor
showed very good reproducibility results.

Moreover, the designed sensor was stored at room temper-
ature for an extended period of time. No difference in the
performance of the fabricated sensor was found over a signi-
cant period of time.

3.7. Application of the fabricated sensor to saliva samples

It is not convenient to determine acetone in a breath because it
is lost in the sample preparation step. So, an attempt was made
to determine acetone in synthetic saliva, which has become the
focus of a non-invasive sample because of the easy sampling
and storage.49,50 So, the potential of the fabricated sensor for the
detection of acetone in saliva was investigated. The precision of
the designed sensor was also determined. Saliva samples were
spiked with three different concentrations of acetone (0.4, 150,
and 1800 ppm). The precision of the determination of acetone
in the saliva was less than 2.87%. Recovery, relative error, and
the relative standard deviation of samples are summarized in
Table 2. The recovery percentages were found to be greater than
97%, with a relative standard deviation value of about 4.1%.
Based on these results, it is evident that the proposed method is
not only accurate but also precise. These results show that this
sensor could be a reliable and effective method for acetone
detection in saliva.

4. Conclusion

In this work, an easy-to-fabricate, highly stable, exible, and
cost-effective electrochemical sensor was successfully devel-
oped for sensitive and selective detection of acetone to
a concentration as low as 0.03 ppm. The growth of NFs on CC
proved a good avenue to enhance the interaction between the
analyte and substrate surface. The mechanism for acetone
11544 | RSC Adv., 2023, 13, 11537–11545
sensing using modied ZnO NFs/ZnO NPs/CC has been
successfully elaborated. This investigation provides the rst
evidence for the sensitive and selective detection of acetone via
an electrochemical-based exible carbon transducer.
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