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In this study, cerium oxide nanocrystals (CeO, NCs) were synthesized by the simple and cost effective precipitation

method. The structural properties of the obtained CeO, NCs were characterized by means of X-ray diffraction (XRD) with
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Rietveld refinement analysis, Transmission electron microscopy (TEM). X-ray photoelectron spectroscopy (XPS) and energy

dispersive X-ray spectroscopy (EDX) confirms the presence of CeO, NCs. The structural properties confirmed the presence
of cubic fluorite-type cubic structure which is in agreement with the respective Inorganic Crystal Structure Database (ICSD)
N°. 156250. The hydroquinone (HQ) sensing of CeO, NCs/carbon paper (CP) modified electrode in 0.1 M phosphate buffer
solution (pH=7) was characterized using a cyclic voltammetric (CV) electrochemical technique. The CV curve exhibited
redox peaks with a detection limit of 0.111 mM and the linear ranges (0.03-0.8 mM) with a sensitivity of 2.443 mA mM™
cm? for HQ detection. Our results indicate that CeO, NCs modified on CP holds as a promising candidate for the

electrochemical detection of toxic HQ.

1. Introduction

Hydroquinone (HQ) is an isomer of dihydroxybenzene
compounds which is considered a potential carcinogen candidate
and xenobiotic micro—pollutant.1 HQ is one of the highly toxic
polluting chemical usually coexist in the environmental samples and
get absorbed through skin and cause critical damage to the living
beings.2 United States environmental protection agency and
European Union has listed HQ as the main pollutant to be
monitored.> Moreover, this issues becomes highly fascinating to
detect and quantify the leakage of HQ to avoid harmful effects on

human health. Several methods were employed for the
determination of chemical pollutants such as liquid
chromatography, fluorescence, chemiluminescence, and

spectrophotometry methods.*” Although these techniques offers
high sensitivity, they suffer from many drawbacks such as expensive
equipment, extended period of sample preparations, complication
in sample analysis etc.® In contrast, electrochemical methods show
the advantages of short response time, environmental friendly, high
sensitivity, cost effective, and high selectivity towards the analyte.9
Recently, highly stable novel sensing materials with excellent
conductivity including Pt nanoparticle decorated ZrO,-RGO
modified electrode,10 Graphene-gold nanocomposite,11 Graphene
oxide/MnO, nanocomposites,’? Polyaniline/Fe,05/rGO,> Carbon
nanocages/rGO composites,14 Graphene/TiOz,15 WSz-graphene,16
and MnOz/ponaniIine17 have been extensively investigated for the
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determination of HQ in the literature.

Cerium oxide (CeO,) nanocrystals (NCs) is an important rare-
earth oxide with fluorite type cubic structure and exhibit unique
properties including improved redox properties, surface to volume
ratio, oxygen defects that arises from electronic confinement of 4f
orbitals.”® Recently, CeO, NCs has mesmerized significant interest
of scientific society because of its wide band gap (3.2 eV) and
considered as a promising materials for various application
including photocatalyst, fuel cells, sensors, solar cells,
electrochemical redox behaviours and biomedical applications.zo'26
In particular, CeO, NCs has been proved to be a highly sensitive
electrode material in determining various toxic and hazardous gases
and chemicals.”*® Even though several CeO, nanostructures have
been extensively investigated in the development of non-enzymatic
electrochemical sensors, to best of our knowledge, there is no
report on the structural and electrochemical detection of
hydroquinone using CeO, NCs.

Therefore, in this paper, we report the data for the chemical
synthesis of CeO, NCs using precipitation method and their
investigation on the electrochemical detection of HQ. Precipitation
method is simple, cost effectiveness, high yield of products with
purity.gl’32 The nanocrystals obtained were systematically
characterized by means of X-ray diffraction (XRD), with Rietveld
refinement analysis, X-ray photoelectron spectroscopy (XPS),
energy dispersive X-ray spectroscopy (EDX) and Transmission
electron microscopy (TEM). The electrochemical sensing of CeO,
NCs modified electrodes exhibit good sensing behaviour towards
the detection of HQ.

2. Experimental details

2.1. Synthesis of CeO, NCs

J. Name., 2013, 00, 1-3 | 1
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Fig. 1 (a) XRD patterns of CeO, nanocrystals with vertical dashed lines indicating the position and relative intensity of the respective ICSD
Card N°. 156250 (b) Rietveld refinement plot, (c) W-H plot of synthesized CeO, nanocrystals (d) Schematic representation of a crystalline

CeO0, (1x1x1) unit cell which illustrates [CeOg] clusters.

All chemical reagents used in the experiments were of analytical
grade. Initially, 0.5 M of cerium (lll) nitrate hexahydrate [Ce
(NO3)3.6H,0] was mixed in 20 ml of double distilled water and then
precipitated by ammonium hydroxide (NH,OH) solution (pH~10)
under constant stirring at room temperature. The resultant colloidal
solution was sealed in a beaker and aged for two days. The
resultant precipitates were separated by centrifuging at 6000 rpm
and washed several times with de-ionized water and ethanol to
remove the impurities. The precipitate was dried in vacuum oven at
90° C for overnight to obtain CeO, NCs and then subjected further
for characterization.

2.2 Characterizations

The crystal structure of the CeO, NCs was determined by using
RIGAKU XRD/MAX-2200 diffractometer with Cu—Kal radiation (A =
0.15418 nm). Transmission electron microscopy (TEM) was
performed by using JEOL JEM-2100F system at an accelerating
voltage of 200 kV. EDAX spectrum was obtained from FEI QUANTA-
200 system operated at 30 kV. X-ray photoelectron microscopy
(XPS) was performed using XPS-Kratos analytical instrument, ESCA-
3400, Shimadzu with an X-ray source Mg Ka, and 1253.6 eV
operated at 10 kV. The electrochemical measurements was
performed using PCE200 Gamry frame work electrochemical
workstation using a three electrode system in phosphate buffer

2| J. Name., 2012, 00, 1-3

solution (PBS, pH=7) as the electrolyte solution under ambient
conditions. CeO, NCs supported on the carbon paper, a platinum
wire, and Ag/AgCl was utilized as the working electrode, counter
and electrode, respectively. The cyclic voltammetry (CV)
measurements were performed at various scan rates in the
potential range from -0.4 to 0.6 V. The modified working electrode
was prepared as follows: Initially, a required amount of CeO, NCs
was dispersed in 5 wt% of nafion and methanol (1:2) to obtain
colloidal sol and the sol was coated on carbon paper containing an
area and thickness of 1 x 1 ¢cm and 0.02 cm, respectively. The
modified electrode was dried at room temperature and subjected
further for CV analysis.

3. Results and Discussion

X-ray diffraction pattern of the synthesized CeO, NCs is shown
in Fig. 1(a). The results reveal that the synthesized sample has the
cubic fluorite structure of CeO,, which is consistent with the JCPDS
card (#34-0394). In order to obtain precise structural insights of
CeO, NCs, Rietveld refinement was carried out.® All XRD peaks
corresponds to a cubic fluorite structure which is in agreement with
the respective Inorganic Crystal Structure Database (ICSD) N°.
156250.>" The Rietveld method is based on the construction of

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 (a-c) TEM images in different magnifications (d) HRTEM image (e) EDX spectrum of CeO, nanocrystals.

diffraction peak diffraction patterns calculated according to the
structural model.***® The points are the observed intensities and
the line is the Rietveld fit, as shown in Fig. 1b. The Rietveld
refinement was performed using the ReX V0.7.2 Powder diffraction
program.37 The background was corrected using Chebyschev
polynomial of the first kind and the diffraction peak profiles were
fitted by the Thompson—Cox—Hastings pseudo-Voigt (pV-TCH)
function.®® The obtained Rietveld parameters are listed in the Table.
1.

Table 1. Lattice parameters, unit cell volume, and atomic positions
for CeO, Nanocrystals.

Atoms  Wyckoff Site X Y z Occupancy Uiso
Ce 4a m-3m 0 0 0 1 0.00127
(o] 8¢ “43m 025 025 025 1 0.02533

Fm3m (225) - Cubic (a=b=c = 5.411 A; c/a=1, V = 158.48 A%, 7=4); R, =
10.4; Ryp = 6.5; Rexp = 5.6 and GoF =1.16.

This journal is © The Royal Society of Chemistry 20xx

The Rietveld refinement results indicate good agreement was
obtained between the experimental relative intensities and the
simulated intensities (Fig. 1b). Moreover, the difference between
XRD patterns of experimental and calculated datas display small
differences in the scale of intensity as illustrated by a line (Yops —
Ycaie)- The calculated lattice constants of the synthesized CeO, NCs
are found to be 5.411 A, which is consistent with that of bulk CeO,
(5.416 A).*

The crystallite size of CeO, NCs is estimated using Willamson-Hall
(W-H) plot (Fig. 1c) using the obtained XRD pattern where the
correction for peak broadening (B) is given by eq. (1), 40

2 2 2
B" = (B experimental ~ B intrumental) (1)

where Bzexperimenta| is the integral breadth of each peak and
Bzimrumema| is the instrumental broadening determined from
polycrystalline silicon standard.

The Williamson-Hall (W-H) equation is given as,

J. Name., 2013, 00, 1-3 | 3
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B cos® = KA/D + 4€ sin 0 (2)

where D is the crystallite size; K is the shape factor (0.9); A is the
wavelength of X-Ray source (1.54 A), B is the integral width (in rad)
estimated from eq. (1), 6 is the angle of reflection (in deg) and € is
the inhomogeneous internal strain (in %). Fig. 1(c) shows the W-H
plot for the synthesized CeO, crystals where the crystallite size
calculated to be 15 nm (+0.5 nm) and it was observed that no
heterogenous strains exisits in CeO, NCs.*!
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Fig. 3 (a) XPS survey spectrum of CeO, nanocrystals; core level
spectra of (b) Ce 3d and (c) O 1s.
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Fig. 1(d) illustrates the unit cell (1x1x1) of CeO, structure modeled
through the Visualization for Electronic and Structural Analysis
(VESTA) v3.2.1.*"* The CeO, crystals have a fluorite-type cubic
structure with a space group (Fm3m) and point-group symmetry
(Op). Moreover, cerium (Ce) atoms (lattice formers) are bonded to
eight oxygen (O) atoms which form cube related to regular
hexahedron [CeOg] clusters.

Fig. 2(a-c) shows the TEM images of CeO, NCs with an average
diameter of 10 nm. Fig. 2(d) displays a high resolution TEM (HR-
TEM) image with an interplanar spacing distance of 0.311 nm
corresponds to (111) plane of fluorite-type cubic structure of CeO,
crystal,18 which is consistent with the XRD and Rietveld refinement
results. Besides, Fig. 2(e) displays the elemental composition of the
Ce02 NCs, which is found to be 72.15 wt% of Ce La, 16.81 wt% of O Ka
and 11.04 wt% of C Ka (Carbon). The EDAX results confirm the
presence of Ce0, in the synthesized CeO, NCs.

To further confirm the composition and the chemical states of the
samples, XPS analysis were performed. Fig. 3a displays the XPS
survey spectrum of CeO, NCs and only Ce, C and O signals were
observed on the surface of the CeO, NCs indicating the high purity
of the sample. The C 1s peak is assigned to the adventitious carbon.
Fig. 3b shows the Ce 3d core level XPS spectra of CeO, NCs, which
can be deconvolved into six peaks. The peaks labeled as Uy, Vo, and
V; are the characteristic peaks of ce* states while U,, V,, and V3 are
the characteristic peaks of ce™ states.”>* The results indicate the
co-existence of Ce>* and Ce** states in CeO, NCs, which is consistent
with the reported literatures.*>*® Fig. 3¢ shows the O 1s core level
XPS spectrum of CeO, NCs, which can be deconvolved into two
peaks. The peak located at 529.5 eV is attributed to the oxygen
bond of Ce-O-Ce, and the other peak centered at 531.7 eV
corresponds to Ce-O-H, respectively.”’48

Fig. 4a shows the cyclic voltammogram (CV) of CeO, modified
electrode in 0.1 M PBS solution at pH = 7 with a scan rate of 30
mV/s in the potential range of -0.4V to +0.6V. A well-defined redox
peaks are observed at 0.24V and 0.1V respectively. It is observed
that, the anodic peak current (i,,) and cathodic peak current (i) are
almost equal (ip/ira=1.25). Fig. 4a shows the cyclic voltammogram
(CV) of CeO, modified electrode in 0.1 M PBS solution at pH = 7 with
a scan rate of 30 mV/s in the potential range of -0.4V to +0.6V. A
well-defined redox peaks are observed at 0.24V and 0.1V,
respectively. It is observed that, the anodic peak current (iy,) and
cathodic peak current (i) are almost equal (i,/ips=1.25). Moreover,
the redox peak potential difference (AE,) is found to be 140 mV. For
AE,< 200 mV, the apparent rate constant (k°) can be calculated
using the Laviron’s equation given by eq. (3),49

k° = anFv/RT (3)

where a is the transfer coefficient (0.5), n is number of electrons
per molecule involved in electrochemical reaction (here, n=1), F is
faradays constant, v is the scan rate, R is the gas constant, T is
temperature. The calculated apparent rate constant value (k°) is
found to be 6.149 x10* cm/s indicating the electrochemical
reaction is quasi-reversible, which is consistent with the reported
literature.™® The CV curves of CeO, NCs modified electrode at
various scan rates are displayed in Fig. 4b. As it is seen, both the
anodic (i) and cathodic (ip) peak currents are increased identically
with increasing scan rates. Besides, there is a slight shift in the
peaks with increase in scan rate.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 (a) CV curve of CeO, nanocrystals at 30 mV/s in 0.1M PBS (b) CV curve of CeO, nanocrystals at various scan rates (c) Variation of peak
current with square root of scan rates (d) CV curves at different HQ concentrations at 100 mV st (e) Amperometric response (f) Calibration
curve (g) Plot of oxidation peak current Vs pH at a scan rate of 100 mV s7in 0.5 mM HQ (h) Stability curve of CeO, nanocrystals modified
electrode (pH 7).
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Notably, the peak currents iy, and i,. are almost equal for all scan
rates. The variation of iy, and iy, with square root of various scan
rates are displayed in Fig. 4(c). The peak current is a linearly
proportional to square root of scan rates which indicate the
electrochemical process are diffusion controlled.*

The linear regression equations are E,,= 0.0108 v + 0.0981
(R=0.9935) and E,.= -0.0134 v'”* - 0.0972 (R=0.99) in the linear
range from 30 to 100 mV/s. The diffusion co-efficient (D) could be
calculated using Randles-Sevcik equation given by eq. (4),

ip= 2.69 x10°n*>ACD"/ /2 (4)

where i, is the peak current, n is number of electrons per
molecule involved in electrochemical reaction (here, n=1), A is area
of the electrode, C is the bulk concentration, v is the scan rate (30
mV s'l). The value of diffusion co-efficient (D) is calculated to be
1.1839x10™ cm’ s

Moreover, the electrocatalytic oxidation of HQ by CeO, NCs is
investigated through cyclic voltammetry. The CV curves of CeO, NCs
with increasing concentration of HQ at a scan rate of 100 mV stare
given in Fig. 4(d). It is clearly evident that, there is an increase in
peak current upon addition of HQ into the PBS solution from 0.05
mM to 0.8 mM. Scheme 1 shows the proposed reaction mechanism
for the detection of HQ by using CeO, nanocrystals modified
electrode. The oxygen species (O') supported in the oxidation of the
HQ in to 1,4-benzoquinone and emits two free electrons and the
CeO, NCs in the surface accepts the released electrons, resulting in
the enhanced sensitivity towards HQ.* The increase in current
about ~11 times is observed due to the addition of various HQ
concentrations and this behaviour shows the good electrochemical
sensing activity of prepared CeO, NCs.

The amperometric response of CeO, NCs modified electrode is
shown in Fig. 4(e). The current of CeO, NCs increased gradually
upon increasing HQ concentration. This amperometric response
shows the stable and efficient electrocatalytic activity of CeO, NCs
modified electrode. The calibration curve of CeO, NCs modified
electrode is shown in Fig. 4(f), exhibits a linear increase in current
with increase in HQ concentration.

Substrate

CeO, NCs

Scheme 1. A proposed reaction mechanism for the detection of
hydroquinone by CeO, nanocrystals modified electrode.

The linear regression equation is |, = 0.02439 + 2.44372C with a
statistically significant correlation co-efficient of 0.9931(R2) where
peak current (Ip) is in mA and concentration (C) in mM. The
sensitivity is estimated from the slope of the calibration curve and it
is found to be 2.443 mA mM™ cm™. As well, the minimum detection
limit (LOD) is calculated using the eq. (5), >3

6| J. Name., 2012, 00, 1-3

Limit of detection (LOD) = 3S,/q (5)
where Sy is the standard deviation of the blank signal, and q is the
slope of the calibration curve. The calculated minimum detection
limit is found to be 0.111 mM.

The effect of pH on the electrocatalytic oxidation of HQ is
studied in the pH range from 2 to 7 at a scan rate of 100 mV st in
the buffer solution containing 0.5 mM HQ. The peak current of CeO,
NCs is increased with increase in pH and revealed a maximum
current at pH 7 (Fig. 4g). After pH 7, the peak current is found to
decreased.” Thus, pH 7 was chosen as the optimal value due to its
high sensitivity.

Nevertheless, the long-term stability of the sensing systems is
most essential for the real world consideration. In order to identify
the stability of CeO, NCs modified electrode towards HQ sensing,
the modified electrode was stored in PBS solution at room
temperature and the sensitivity towards HQ is measured, as shown
in Fig. 4(h). From the results, it is clear that the CeO, NCs modified
electrode exhibits an excellent stability with less than 10% decrease
from its initial sensitivity to final sensing process.

Conclusions

In summary, CeO, NCs were synthesized successfully by the
precipitation method and we have investigated its electrochemical
detection of HQ. XRD, Rietveld refinement data and TEM image
analyses confirmed the presence of fluorite-type cubic structure of
our CeO, NCs which is consistent with (ICSD) N° 156250. HQ
sensing of CeO, NCs/carbon paper (CP) modified electrode was
characterized using a cyclic voltammetry (CV). The electrochemical
sensing analysis of the modified electrode showed a detection limit
of 0.111 mM and the linear ranges (0.03-0.8 mM) with a sensitivity
of 2.443 mA mM™ cm™ for HQ detection. Our results showed that
the CeO, NCs modified electrode holds as a promising candidate for
the electrochemical detection of xenobiotic micro-pollutant HQ.
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