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ABSTRACT: Higher levels of fluoride (F−) in groundwater
constitute a severe problem that affects more than 200 million
people spread over 25 countries. It is essential not only to detect
but also to accurately quantify aqueous F− to ensure safety. The
need of the hour is to develop smart water quality testing systems
that would be effective in location-based real-time water quality
data collection, devoid of professional expertise for handling. We
report a cheap, handheld, portable mobile device for colorimetric
detection and rapid estimation of F− in water by the application of
the synthesized core−shell nanoparticles (near-cubic ceria@
zirconia nanocages) and a chemoresponsive dye (xylenol orange).
The nanomaterial has been characterized thoroughly, and the
mechanism of sensing has been studied in detail. The sensor
system is highly selective toward F− and shows unprecedented sensitivity in the range of 0.1−5 ppm of F−, in field water samples,
which is the transition regime, where remedial measures may be needed. It addresses multiple issues expressed by indicator-based
metal complexes used to determine F− previously. Consistency in the performance of the sensing material has been tested with
synthetic F− standards, water samples from F− affected regions, and dental care products like toothpastes and mouthwash using a
smartphone attachment and by the naked eye. The sensor performs better than what was reported by prior works on aqueous F−

sensing.

1. INTRODUCTION

Fluoride (F−), having the smallest anionic radius, highest
charge density, and a hard Lewis base character, is a naturally
occurring anion in groundwater worldwide.1 It is a double-
edged sword, as on the one hand, it is biologically and
medically important for its essential roles in proper growth and
maintenance of teeth, hair, nails, and bones and treatment of
osteoporosis. While on the other hand, overexposure to F− can
cause dental fluorosis, skeletal fluorosis, kidney, and acute
gastric problems.2 This is because of its unique property of
getting easily absorbed in the body, however excreted only
slowly. The World Health Organization (WHO) and Environ-
mental Protection Agency (USEPA) have set 1.0−1.5 mg/L
(ppm) and 2−4 mg/L, respectively, as its preferred
concentration in drinking water.3,4 The major sources of
exposure to fluoride are drinking water, food, dental products,
and pesticides. While in USA, artificially fluoridated water
(0.7−1.2 mg/L) is supplied to people keeping the necessary
dietary intake in mind, on the contrary, population belonging
to the contaminated geographical sites get exposed to 6−12
mg/L of F−.4 It is estimated that dental caries is the most
prevalent of all conditions because of F− poisoning, with 2.4

billion people globally suffering from caries of permanent teeth
and 486 million children from that of primary teeth.5−7 Hence,
it is essential to develop superior analytical methods for F−

sensing and quantification for efficient water quality monitor-
ing.
A number of F− detection techniques, such as potentiom-

etry, 8F NMR analysis,8 mass spectrometry,9 ion chromatog-
raphy,9 electrochemical methods,10 colorimetric methods,11

and fluorescence-based sensing systems,11 have been devel-
oped over the years.12 Many of these techniques cannot be
used for location-based real-time water quality data collection
as they involve cumbersome measurements and are highly
dependent on human intervention. Out of them, colorimetric
sensing has the advantages of low cost, small size, simplicity,
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nondestructive in nature, high selectivity, quick response time,
and wide applicability in field conditions.13 Efficient colori-
metric probes must have a receptor with a signaling unit which
produces a noticeable physical change upon interaction with
the analyte, which can be easily read out with the naked eye or
an ultraviolet−visible (UV−vis) spectrophotometer.14 The
sensor molecules and F− have been found to interact via
different forces like hydrogen bonding, electrostatic inter-
actions, Lewis acid coordination, chemical reaction, and so
forth. Molecular detection based on a specific chemical
reaction displays higher selectivity and stability than that
based on noncovalent interactions.14 Recently, many nanoma-
terials, including gold nanoparticles,15−18 CeO2 nanoparticles
(CeO2 NPs),19 semiconductor quantum dots (QDs), carbon
QDs,20 metal−organic frameworks,21 micellar nanoparticles,22

SiO2 nanoparticles (SiO2 NPs),
23 graphene oxide (GO),24 and

so on, have been used for aqueous F− removal and to design a
variety of nanosensors because of their large surface areas and
well-defined pores, improved solubility, ease of fabrication,
low-cost, high sensitivity, and good biocompatibility. The
success of a colorimetric method depends largely on the user’s
perception of colors which may lead to inconsistency in data
collection. A few such test kits using lanthanum−alizarin
complex, zirconyl-SPADNS reagent, and so on have been
commercialized but they largely suffer from high chances of
manual errors in interpreting feeble color variations and high
cost.25 Also, they involve serious interferences by anions like
sulfate, chloride, and so forth, which compel the use of other
chelating reagents, giving rise to expensive and complex
multicomponent sensing systems.26,27 In this direction, systems
which are simple, stable, highly sensitive, and selective toward
the analyte are of high preference. Moreover, the rapid
development of smartphones with various embedded sensors
or external sensors (e.g., circuit and probe) integrated with the
smartphones for more sophisticated and accurate detection
have enabled wide range of applications in environmental and
health-related monitoring.28−30

We report a smartphone-integrated fluoride sensor platform
based on colorimetric detection. The sensor is comprised of
core−shell nanocages (NCs) and a chemoresponsive organic

dye for accurate, trace level detection of F− in aqueous
medium. Briefly, ethylene glycol-coated ceria@zirconia NCs
(CeO2@ZrO2 NC) with large surface area and high affinity
toward F− were used as a catalytic platform.31 The NC system
facilitates F− interaction with xylenol orange (XO) for its
specific recognition at sub-ppm levels. A simple smartphone
attachment was developed for colorimetric readout using a
combination of a light-emitting diode (LED) and a photo-
diode, which facilitates precise measurement of F− in water
samples as shown in Scheme 1. Using this device, we have
demonstrated the quantification of F− in various real water
samples and dental care products within 1 min of reaction
time. The device can be operated with an android application
which provides instructions to the user as per requirements of
the whole process and also provides data storage options such
as short message service (SMS) and cloud storage. The
consumable cost for F− estimation using NC-based assay is ∼1
cent/assay.
XO is a well-known indicator, and it has been used as a

complexing agent with metals like zirconium/hafnium for
determining F−, but it gives inconsistent results in several
cases. The zirconium−XO complex (Zr−XO) shows pH-
dependent absorbance values below pH 1.5, and above pH 4, it
suffers from serious interference by ions like phosphate and
sulfate, and the colored complex has bleaching tendency.32

Such stability- and selectivity-related issues have been
addressed in the following sections. There is a previous report
of a mobile-based sensor using a commercial reagent having
the Zr−XO complex.29 In this, the color changes from pink to
yellow when F− ions break the metal ion−dye complex to form
colorless zirconium fluoride. The sensor used the camera flash
light of the smartphone as an optical source to capture and for
RGB analysis of the photograph, making it highly dependent
on the quality of the mobile device. There is another report on
porous CeO2−ZrO2 hollow nanosphere powder of ∼100 nm
diameter for F− adsorption.33 While ceria−zirconia mixed
oxide NPs are widely known for their catalytic properties for
various gas-phase reactions and oxygen storage capacity,34 the
present work is the first one on core−shell CeO2@ZrO2 NC
for colorimetric sensing. In our F− sensing method, the small

Scheme 1. Schematic Representation of the Smartphone-Based F− Sensor and Its Sensing Mechanism Using Near-Cubic
Ceria@Zirconia NCs and XO Dye
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smartphone extension plays the key role that can be attached
to any mobile device irrespective of its quality as the latter is
used only as a user interface for calibration and result display.
While color is because of XO, the chemistry leading to the
color change is mainly because of NC. Sensor optimization
experiments revealed that its sensitivity was highly dependent
upon the near-cubic shape of the NCs, and both the

components (CeO2 and ZrO2) were crucial for F− sensing
without directly taking part in the reaction with F− ions.

2. RESULTS AND DISCUSSION
2.1. Characterization of NCs. CeO2@ZrO2 core−shell

nanoparticles were prepared by hydrothermal synthesis which
resulted in the formation of near-cubic NC having an edge
length of 55 ± 5 nm, as shown in Figure 1B,D. Transmission

Figure 1. (A) TEM image showing the core−shell structure of CeO2@ZrO2 NC with an HRTEM image in the inset, with a scale bar of 5 nm. (B)
FESEM image showing a near cube-like structure. Edge length parameters are shown. (C) EDS showing the elemental composition of NCs. (D)
DLS data showing the size range. (E) UV−vis data showing the stability of NCs from day 1−30. (F) XRD patterns of CeOx and ZrO2 NPs
individually and that of CeO2@ZrO2 NC.

Figure 2. (A) Optical images of the colorimetric changes showing sensitivity of NC−XO system toward various F− concentrations and its
specificity toward F− as compared to other anions. (B,C) Absorption spectra of the NC−XO system in the presence of various F− concentrations
and in the presence of various interfering anions, respectively. (D) Absorbance vs time plot showing kinetics of the interaction between the NC−
XO system and various F− concentrations responsible for color change.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c03465
ACS Omega 2020, 5, 25253−25263

25255

https://pubs.acs.org/doi/10.1021/acsomega.0c03465?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03465?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03465?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03465?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03465?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03465?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03465?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03465?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c03465?ref=pdf


electron microscopy (TEM) images clearly show the core−
shell nature of the NCs in Figure 1A. Large-area microscopic
images are shown in Figures S1 and S2. Figure 1C shows the
elemental composition of the NC showing that ceria, which is
in the core, constitutes more than the amount of zirconia, in
the shell. Figure 1E depicts the high stability of NCs over a
period of one month when stored in ambient atmosphere, as
there is no change in the absorption spectrum of the NCs. The
powder X-ray diffraction (pXRD) pattern of NC, as shown in
Figure 1F, has a cubic crystal system, which got a little
broadened upon the formation of core−shell nanostructures
with zirconia but mostly matches with that of the cubic phase
of ceria, as it is the major constituent. It shows no similarity
with the monoclinic system of zirconia which was synthesized
as per the same procedure. A slight shift in the diffraction peak
positions (2θ = 28.4−28.8°) could be noted for the NCs,
which indicates that along with the particle growth, some
compositional changes took place because of interphase
mixing. Large-area field-emission scanning electron microscopy
(FESEM) images of F-treated NC showed aggregation of
particles upon interaction with high concentration of F-ions
(Figure S3).
2.2. Testing of the NC−XO Sensor System. Figure 2A

shows colorimetric responses of the NC−XO sensor to
different concentrations of F− after mixing for 1 min at room
temperature. The solution-phase NC−XO system turns from
yellow to rose-red systematically in the presence of various
concentrations of aqueous F−, which is clearly observed with
naked eyes because of the stark color difference. The red color
intensifies as the concentration of F− in the sample goes higher,
but it gets saturated by 2 ppm F− for naked eye detection
because of the unavailability of active sites of the dye. Change
in the color of the NC−XO system is because of change in the
molecular structure of the dye. The absorbance peak of the
NC−XO system (XO in acidic medium) is at 435 nm, and a
broad peak at 560 nm is formed and eventually intensified after
the addition of F− to the system, in the 0.1−5 ppm
concentration range. The absorption peaks at 280 and 435
nm of XO are because of the Π−Π* and intramolecular charge
transfer (ICT) within the molecule, respectively.35 While the
origin of the new peak at 560 nm is because of nucleophilic
addition of F− to the cationic N-center of the dye leading to
adduct formation, reduction in intensity of the 435 nm peak is
because of the change in the ICT electronic transition.

Absorptivity coefficients were calculated at the absorbance
maxima of 1 mM XO before and after analyte interaction, with
1 cm path length. While 1.6 × 103 M−1 cm−1 is the molar
absorptivity for NC−XO at 435 nm before analyte interaction,
0.7 × 103 M−1 cm−1 (435 nm) and 2.1 × 103 M−1 cm−1 (560
nm) are the values for NC−XO after interaction with 2 ppm
F−. The sensor system has been tested with several common
interfering anions present in groundwater in high concen-
trations like Cl−, Br−, COO−, SO4

2−, PO4
3−, HCO3−, and

CO3
2− (100 ppm tested), compared with 1 ppm of F−, as

shown in Figure 2C. None of these anions showed absorbance
at 560 nm, which proves specificity of NC−XO toward F−.
Figure 2D shows the absorption kinetics of the sensor−analyte
reaction. The reaction was monitored till 10 min after F−

solution of various concentrations (0.05−2 ppm) were added
to the sensor starting from t = 100 s of initiation. As it is clear
from Figure 2D, the rate of change in absorbance is maximum
during the first 60−100 s after F− addition. After that, although
the slope keeps increasing, the rate of change decreases and
eventually proceeds toward saturation. In view of the observed
kinetics, the operating time for the device was set as 60 s.
Temperature-dependent kinetics for the same reaction was also
studied for 10, 20, 30, and 40 °C (Figure S4) which indicated
that higher temperature would accelerate the rate of reaction,
resulting in a spontaneous color change.
On the basis of the absorbance data (Figure 2B), a standard

curve of absorbance versus concentration (ppm) was plotted
which can be used for the quantification of F− content in water
as shown in Figure 3A. In the concentration regime of 0.1−1
ppm, we get two linear plots. Two real water samples were
obtained from different F− affected areas of India, namely,
Hanumangarh (Rajasthan, 29.58°N 74.32°E) and Jayanagar
(Bangalore, 12.9308° N 77.5838° E), which were tested with
the NC−XO system, as shown in Figure 3B. Using the
standard curve, the concentrations of those samples were
determined and compared with the absorbance spectra of F−

standard solutions of the same concentration, which matched
exactly. The colorimetric response NC−XO for real water
samples can also be well perceived by naked eyes (inset Figure
3B). We note that the entire calibration curve shows three
nearly linear regimes (i, ii, and iii). These regions are
interpreted because of the mechanism of the sensing process,
which will be discussed later.

Figure 3. (A) Standard curve of absorbance vs concentration (ppm) for the NC−XO sensor response toward F− solution (0−5 ppm). Two linear
standard regimes in the 0−1 ppm concentration regime are shown in the inset. (B) Absorbance spectra for the sensor for real water samples
compared with the response for F− standards of the same concentration and an optical image of the colorimetric detection of F− in real water
samples (inset).
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2.3. Spectroscopic Studies on the Mechanism of
Reaction. X-ray photoelectron spectroscopy (XPS) inves-
tigation was carried out to study electronic interactions
between the dye-bound NCs and F− ions. The XPS samples
were prepared by drop-casting (i) NC and (ii) NC−XO−F on
specimen stubs, followed by air-drying. Deconvoluted XPS
spectra in Figure 4A present a complicated Ce 3d profile of
mixed Ce4+−Ce3+ states for partially reduced CeO2 specimen.

This gives rise to the possible final states, Ce 3d9 4f2 O 2p4, Ce
3d9 4f1 O 2p5, and Ce 3d9 4f0 O 2p6 belonging to CeO2, mixed
with Ce 3d9 4f2 O 2p4 and Ce 3d9 4f1 O2p5 states belonging to
Ce2O3 because of overlapping of Ce 4f levels with O 2p in the
valence band, during photoemission.36,37 Two sets of spin−
orbit multiplets, corresponding to 3d5/2 and 3d3/2 contribu-
tions show characteristic peaks around 885 and 903 eV,
respectively. Set of peaks shaded with blue and pink colors

Figure 4. (A) Deconvoluted XPS spectra of (A) Ce 3d, (B) Zr 3d, (C) O 1s, and (D) survey spectra of NC−XO before and after interaction with
F−. The F 1s region is expanded in the inset of (D).

Figure 5. Plausible binding mechanism of F− with the dye (top). (A,B) shows the zoomed-in regions of overlapping 1H NMR spectra (500 MHz,
D2O) of (i) XO alone before F− (in blue) and (ii) NC−XO−F after with F− (in red) interaction. Specific regions of relevance are highlighted.
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correspond to Ce4+ and Ce3+ oxidation states, respectively. It
has been reported that F− can modulate the surface charge and
facilitate electron transfer of CeO2 NPs.

19,38 An increase in the
blue peak area and decrease in the pink peak area upon
interaction with electronegative F− ion indicate oxidation of
Ce3+ to Ce4+. The electron binding energies located at 182.6
and 184.8 eV in Figure 4B can be attributed to Zr 3d5/2 and
3d3/2, respectively, indicating that Zr is in the +4 valence state
in the composite, which gets slightly broadened in the presence
of F−. Their comparable intensities and insignificant shift in the
binding energy suggest that F− is not having direct covalent
bonding with any of these elements. However, O 1s spectra of
NCs in Figure 4C show changes in peak intensities around
528.7 and 530.9 eV upon interaction with F−. The decrease in
intensity of M−OH is because of the attachment of dye with
the −OH groups of the NCs and F− ions interact directly with

the dye and not with the core−shell species, which is further
proven by NMR analysis. However, addition of the dye to the
parent NC increases the overall amount of O in the sample
leading to the increase of M−O peak intensity. The XPS
survey spectrum (top) in Figure 4D shows the emergence of
the F 1s feature after the NCs got exposed to F− in solution.
To further understand the F− ion binding mechanism with

the dye, we have studied 1H NMR for XO alone (i) and the
NC−XO−F system (ii). Figure 5A,B shows the zoomed-in
regions of overlapping 1H NMR spectra of XO before and after
fluoride addition, for clarity. The decrease of signal intensity of
(ii) in the aromatic region of the F− attached XO is because of
its interaction with CeO2@ZrO2 NC having high electron
density, which suggests binding of the dye with NC. The
decrease of two COO−H proton integration peaks at the 7.9−
8.3 ppm region of (ii) suggests that the dye gets attached to

Figure 6. (A) Graphical representation of the extended sensor device cum sample holder. (B) Photograph of the sensor extension cum sample
holder. (C) Photograph of the F− sensor integrated with a smartphone. (D) Icon of the customized mobile application developed for the F− sensor.
(E,F) Screenshot images of the application of a precalibrated sensor for the detection process and for real-time data sharing and storage; and (G)
final screen containing the result and the details related to the sample.
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NC by a condensation reaction of −COOH (from dye) and
−OH (from NC), by eliminating a water molecule. The
alcoholic proton peaks at 6.75 ppm of the dye in (i) got shifted
to 6.62 ppm (ii), indicating the shielding of these protons after
subsequent binding to NC and F−. As XO is acidified during
the reagent preparation, addition of proton with each of its
nitrogen centers leads to the formation of cationic centers, and
this proton peak comes at 3.13 ppm as a singlet peak.
Deshielding of the peak at 2.15 ppm in (ii) because of four
CH2 protons is because of the close proximity of cationic
nitrogen center and F−. It was noted that F− addition to the
cationic nitrogen did not have any influence on the electron
density of the aromatic part. Figure 5 also shows the
mechanistic approach of F− addition to XO. Approach by
the small F− ion to the sterically crowded tetravalent cationic
N-center is the main reason of its selective sensing ability. The
sensor is stable and works well with water samples of wide pH
range, till pH 10.5 (Figure S7). However, beyond pH 11, the
dye undergoes chemical transformation to give violet color,
even in the absence of F− in the medium. To confirm this, 1H
NMR of the resultant violet sample was measured which did
not match with that of NC−XO−F, as shown in Figure S9.
The linear regimes in the standard curve, as shown in Figure
3A, are because of the change in reaction rates depending upon
the availability of the amount of cationic N-centers to interact
with F− ions. Figure S8 shows full-length overlapping 1H NMR
spectra of NC−XO before and after interaction with F−.
The IR spectrum of the NC−XO system (Figure S5) shows

slight shifts in the C−O and CO stretching frequencies at
1078 and 1653 cm−1 to higher wavenumbers upon interaction
with F−.
2.4. Development and Testing of a Smartphone-

Based Sensor Device. Color changes in the NC−XO system
is easy for readout with naked eyes. However, when it comes to
distinguish color differences at lower concentrations, a precise
and error free readout method is required. To enable this, a
smartphone-enabled fluoride sensing device has been designed.
Instead of laboratory measurements which are mainly
electrode-based or focused on the UV−vis spectral scan,
principle of the measurement using this device is based on
monitoring the initial kinetics of the change in absorbance of

the NC−XO system. Unlike a spectral scan or single-point
absorbance measurement, kinetics-based scan minimizes
manual errors because of variation in time taken for sample
preparation. This is possible because initial rate of change of
absorbance is constant and almost linear for ∼100 s after F−

addition, as shown in Figure 2D. Because of this, rate of change
measured within the initial ∼60 s time window remains
constant for a specific F− concentration.
The black-colored device was made by 3-D printing the

polylactic acid polymer with 1.75 mm feed extruder using
Dreamer Flashforge 3D printer. To lower the cost of the
device, additional optics and use of sophisticated optical filters
have been avoided. Instead of using a collimation lens, already
collimated 565 nm LED (TLHG5800) with a typical luminous
intensity of 700 mcd at 2.4 V has been used for illuminating
the sample. For signal collection, a photodiode
(TEMD5510FX01) with angle of half sensitivity ∼65° has
been used so that signal from larger area can be collected
without applying any focusing lens. The selected photodiode
has spectral sensitivity in the region of 430−610 nm which is
suitable for signal collection at 565 nm. LED and photodiode
were interfaced with the smartphone using the Arduino-nano
microcontroller and HC05 Bluetooth communication board
(Figure 6A,B). However, to avoid battery usage, the device was
powered through On-The-Go cable connected with the
nanoboard (Figure 6C). A plastic cuvette was used for ease
of handling and safety during field measurements. An android
application “Fluoride_sensor” was developed using the MIT
app inventor 2 program to operate the device.39 App is
designed to work in a few simple steps based on the
requirement of one time calibration before measurements. It
is self-instructive as it informs user the next steps to be
performed during the measurements. Typical workflow
involves the following steps: click on app icon, connect with
the device via bluetooth, enable calibration, select SMS options
for data sharing, sample loading as per the instructions
prompted by app, and finally, the recorded data (along with
other relevant information) appears as SMS on the screen
(Figure 6D−G, respectively). Screenshots of the workflow are
provided in Figure S10. During measurements, mixture of 500
μL of NC and 1 mM XO 1:1 (v/v) ratio was loaded into the

Figure 7. Response characteristics of the designed smartphone-based fluoride sensor device. (A) Device response curve for the lower level of spiked
F− concentrations in the range 0−1.2 ppm. (B) Device output for various real water samples and dental care product samples in the solution phase.
TP1, TP2, and MW samples were diluted 5000 times for analysis. (C) F− concentration in the as-received dental care products (all values are
reported in ppm). See the text for the description of samples.
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cuvette to which 2.5 mL of water sample need to be added. A
simple three-point calibration can be done using 0, 0.5, and 1
ppm fluoride samples in deionized water. If no calibration is
performed, the app uses fitting parameters from the previous
calibration data.
The sensor device were repeatedly tested with various lab-

prepared and field-collected fluoridated aqueous samples and
dental products. Absorbance was also recorded for the
response of NC−XO with the same samples, as shown in
Figure S6. Two real water samples RW1 and RW2 were
collected from the field in states located at two different parts
of India, while dental care products included two toothpastes
(TP1 and TP2) and a mouthwash, commercially available.
Fluoridated toothpastes are used globally to ensure adequate
fluoride bioavailability in the oral cavity during tooth brushing
and their fluoride content must be chemically free and not
bound with the abrasive used in the toothpaste formulation.
So, the free fluoride content should be regularly checked in
these products. For our analysis, the environmental water
samples were having TDS values of 600−800 ppm that showed
no interference with the F− measurement. However, water
samples having higher turbidity and TDS > 2000 ppm can be
pretreated by passing through a prefilter to get suitable sample
for F− estimation. The dental care products were dissolved in
water as per the reported procedure, and the resulting
solutions were tested by the sensor device.40,41 Before testing
the samples, the device was calibrated and tested for various F−

concentrations to check its accuracy which is shown in Figure
7A. Each of the samples were tested by keeping reaction time
as 1 min. The F− content in each of them was also measured
with the ion-selective electrode (ISE), which is applicable for
only one specific target ion, for performance comparison, as
shown in Figure 7B. The sensor parameters have also been
compared to those of the reported materials and commercial
sensors in Table 1. It clearly shows better performance in
terms of limit of detection (LOD), concentration range of
detection, and reaction time than most of the reported sensors.
To understand the importance of the choice of the sensing

material in terms of its composition and shape, control
experiments were performed with the zirconium−XO com-
plex,29 ZrO2 NP−XO, CeO2 NP−XO, and spherical CeO2@
ZrO2 core−shell−XO systems. Their colorimetric response
toward 0, 0.1, 1, and 10 ppm F− were observed by the naked
eye, as shown in Figure S11. While the zirconium−XO
complex showed slight color change from pink to its lighter
shade at 10 ppm, ZrO2 or CeO2 nanoparticles with XO
systems did not show any significant color change even till 10

ppm. Instant and profound colorimetric response was observed
in the case of the spherical CeO2@ZrO2 core−shell−XO
system, showing extremely high reactivity toward F− but
regulating its rate of reaction was found difficult. Comparing
these outcomes, it was concluded that not only the presence of
both ceria and zirconia in the nanoscale regime was essential to
detect lower F− concentrations, but the surface area of the
nanomaterial is also an important factor for the selection of a
suitable sensing material. Near-cubic CeO2@ZrO2 NCs
showed the optimum reaction kinetics and sensitivity; hence,
they were chosen for the F− sensor. We believe that other
nanoshell shapes such as spheres will also be effective in this
context.

2.5. Potential Nanoparticle Toxicity. Two major
considerations for NP toxicity are (1) size relative to their
bulk counterparts and (2) mechanisms associated with capping
agents leading to their uptake in biological systems. Generally,
because of smaller sizes (and thus greater reactivities) of NPs,
they are considered to lead to higher toxicity.50 It is reported
that handling dry powders (of nano cerium oxides), dry
aggregates, and consolidated powders or granules have greater
potential for dermal and inhalation exposure on workers than
dispersions.51 Also, the application of stabilizers prevents
agglomeration-induced toxicity by increasing the stability of
the suspension.52 In our case, NCs of less than 75 nm size have
been synthesized with the capping of ethylene glycol, resulting
in stable and uniform ethanolic dispersion of NPs. In addition,
they are used for sensing experiments in small quantities (125
μL of dispersion having about 80 μg of nanomaterials for each
test), making their impact on environment less significant.
However, the resultant mixture post individual tests can be
stored in a leak-free container till it becomes some quantity.
Then, the mixture containing CeO2@ZrO2 nanoparticles and
adsorbed XO dye can be treated with H2O2 for dye
degradation by chemical oxidation process, at room temper-
ature. The degradation efficiency of peroxide is expected to be
higher because of catalytic activity in the presence of the
CeO2@ZrO2 nanoparticles, as per literature.

53 On keeping the
treated mixture as it is for a week, the adsorbed peroxide over
the surface of the nanoparticles would diffuse into the aqueous
bulk solvent giving a clean nanoparticle surface. However, the
reusability of the nanoparticles for the purpose of sensing
needs to be tested in the laboratory condition. The volume
being handled, including other consumables used for sensing,
is small, and therefore, potential environmental risk is
minimized.

Table 1. Comparison of Performance Parameters between Various Studies for the F− Sensors

Sl
no. colorimetric probe medium

detection range
(ppm)

LOD
(ppm)

reaction time
(min) refs

1 gold nanoparticles DMF/phosphate buffer 2.3−28.4 2.3 15 42
2 gold nanoparticles aqueous/EDTA 0.5−7 0.4 240 43
3 sensors based on benzohydrazide DMSO na 0.5 na 44
4 PAA−gold NPs/Al3+ Aqueous 0.1−2.8 0.04 10 45
5 boronic acid molecular sensor Aqueous 0.1−1.5 0.1 na 46
6 ceria nanoparticles aqueous/ABTS + acetate

buffer
0−1.9 0.01 30 47

7 GO-SPS aqueous/Tris-HCl buffer 0.1−1.9 0.01 30 48
8 Akvo Caddisfly aqueous 0−2.0 0.1 1 29
9 Pocket Colorimeter II for fluoride (Hach)

[zirconium-SPADNS]
aqueous 0.1−2.0 0.1 na 49

10 CeO2@ZrO2 NC−XO aqueous 0.1−5.0 0.06 1 this work

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c03465
ACS Omega 2020, 5, 25253−25263

25260

http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03465/suppl_file/ao0c03465_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03465/suppl_file/ao0c03465_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c03465?ref=pdf


2.6. Practical Aspects. The cost of detection was
estimated to be 7 cents/10 assay, and the smartphone
attachment is estimated to cost US$ 5 (excluding the
phone), which taken together is orders of magnitude less
expensive than commercial fluoride sensors. Major advantage
of this nanoparticle-based sensor is that it minimizes the
amount of reagents and sample consumption needed for each
test, thereby reducing waste generation. Using the catalytic
platform imparted by the nanoparticles, a LOD of 0.06 ppm
was achieved. Metal-oxide nanoparticles are easy to handle, as
they are stable entities and exhibit higher shelf-life. Further, the
process does not involve the use of extra buffer media or
corrosive acids, toxic chemicals like sodium arsenite to remove
interference, and avoids mixed solvent systems to accelerate
sensor performance. All of these make it simple and user-
friendly compared to the commercially available F− test kits.
Moreover, this device does not involve purchase of any
expensive display interface dedicated only to F− measurement.
The smartphone app and sensor extension are built in a way
such that they can be modified easily for the detection of other
contaminants, just by changing the active reagents.

3. CONCLUSIONS

In conclusion, we developed a cost-effective, field-deployable,
and integrated sensing platform installed on a smartphone for
fluoride detection and quantification with a high degree of
sensitivity and specificity. The bicomponent sensing material
was prepared using a mixture of near-cubic ceria−zirconia NC
and XO dye, which rapidly changes color from yellow to red
upon interaction with fluoride down to sub-ppm levels. The
NCs have been thoroughly characterized for their properties
and shelf life, and the sensing mechanism has been studied in
detail by XPS and NMR spectroscopies. The sensing material
has been tested against high concentrations of other common
anions likely to be present in natural waters which gave
negative results and proved its selectivity toward F−. The
smartphone reader was integrated to an external sensing
attachment consisting of an LED and a photodiode-based
optical setup for the estimation of the F− content, having an
LOD of 0.06 ppm. We demonstrated consistent performance
of this portable sensor for simultaneous detection and
quantification in environmental field water samples and various
dental care products at a cost of less than 1 cent/assay. The
aspects such as shape-dependent sensitivity and environmental
impact of the nanomaterial used have been also explored.

4. EXPERIMENTAL SECTION

4.1. Materials. Zirconium oxychloride octahydrate
(ZrOCl2·8H2O), cerium nitrate hexahydrate (CeNO3·6H2O),
XO sodium salt (XO), and ethylene glycol were purchased
from Loba Chemie, SRL chemicals and Merck, respectively.
Ethanol was procured from Changshu Chemicals, while
hydrochloric acid and sodium fluoride were supplied by Hi-
media. All synthesis and control experiments were done using
distilled water.
4.2. Methods. 4.2.1. Preparation of NCs. The CeO2@

ZrO2 core−shell NCs were synthesized by suitable mod-
ification of a reported procedure which involves the growth of
ZrO2 on the colloidal seed of CeO2 nanoparticles.

31 1 mL of
0.5 M cerium nitrate was mixed in 30 mL ethylene glycol and 3
mL water inside a hydrothermal bomb. The reaction mixture
was heated at 180 °C for 12 h. After the temperature came

down to room temperature, 0.3 mL of 0.5 M zirconium
oxychloride is added and again heated at 180 °C for 8 h. The
resultant solution was centrifuged at 5000 rpm for 5 min,
washed, and redispersed in ethanol. NCs were characterized by
TEM, FESEM, energy-dispersive spectroscopy (EDS), XPS,
dynamic light scattering (DLS), and XRD techniques.

4.2.2. Preparation of XO Dye Solution. 2 mL of 1 mM XO
solution in water was taken to which 20 μL of concentrated
hydrochloric acid was added to obtain yellow color starting
from violet. The acidified solution was kept undisturbed for 4 h
and then diluted with water in 1:1 ratio.

4.2.3. Procedure for Colorimetric Sensing. Ethanolic
dispersion of NCs and an acidic solution of the dye were
mixed in 1:1 (v/v) ratio and added to 2.5 mL of F−-
contaminated water to observe the color change from yellow to
red. Same steps are followed for absorbance and device-based
experiments. The sensor responses were compared with ISE
results for field samples and dental care products.

4.3. Instrumentation. Absorbance spectra were measured
using a PerkinElmer Lambda 365 instrument in the range of
200−1100 nm. TEM and high-resolution TEM (HRTEM)
were performed at an accelerating voltage of 200 kV on a JEOL
3010, 300 kV instrument equipped with a UHR polepiece. The
accelerating voltage was kept low to ensure that beam-induced
damage on the material was low. The samples for HRTEM
were prepared as dispersions which were drop-casted on
carbon-coated copper grids and allowed to dry under ambient
conditions. FESEM (Tescan-Mira 3 LMH) imaging was done
in high vacuum and low vacuum (up to 500 Pa) conditions
with accelerating voltage from 50 V to 30 kV and 20 ns to 10
ms per pixel scanning speed. EDS was done by using FEI
Quanta 200, typically at 20 kV acceleration voltage. XPS
measurements were done using an ESCA Probe TPD
spectrometer of Omicron Nanotechnology. Polychromatic
Mg Kα was used as the X-ray source (hν = 1253.6 eV).
Samples were spotted as drop-cast films on a sample stub.
Constant analyzer energy of 20 eV was used for the
measurements. Binding energy was calibrated with respect to
C 1s at 284.8 eV. Residual fluoride concentration in water was
measured (using TISAB) by a fluoride-ion selective electrode
(ION 2700, Eutech Instruments). Device fabrication details
are presented in the main text.
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