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Breath analysis has emerged as one of the accurate diagnostic techniques, which can be used to correlate
disease conditions with the abnormal concentrations of certain biomarkers present in the exhaled
breath. In this background, thin film based chemi-resistive Cerium-doped ZnO sensors were developed
for detecting acetone and ethanolamine, which are the notable biomarkers of diabetes mellitus and
carcinoma respectively. Ce-doped ZnO thin films were deposited on glass substrates using spray pyrolysis
technique. X-ray diffraction patterns confirmed the formation of Ce-doped ZnO thin films with poly-

Keywords: crystalline hexagonal wurtzite structure. Scanning electron micrographs and optical absorption spectra
ch_) . of Ce-doped ZnO thin films revealed the decrease in average grain size and increase in band gap re-
/C\izltl;r:edopmg spectively with an increase in Ce-dopant concentration. ZnO films with 0.004 and 0.008 M of Ce-dopant
Ethanolamine concentrations showed a better room temperature sensing response towards acetone and ethanolamine
Diabetes respectively. Highly selective nature of the developed sensing elements towards acetone and ethanola-
Carcinoma mine with swift response and recovery times can be considered as a non-invasive and cost effective
Gas sensor method for the detection of diseases like diabetes mellitus and carcinoma.

© 2016 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

1. Introduction

The detection of Volatile Organic Compounds (VOCs) in human
breath, sweat and urine has been identified as a new frontier in
disease diagnostic methods [1]. Specifically, the presence of VOCs
like acetone, acetaldehyde, ammonia, ethanolamine, etc., in hu-
man excretes acts as the fingerprints for diseases like diabetes
mellitus, chronic obstructive pulmonary disease, halitosis, kidney
malfunction and lung cancer [1-3]. In 1857, Petters observed the
presence of acetone odour in the exhaled breath of patients suf-
fering from diabetes mellitus [4,5]. Traces of acetone in exhaled
breath is due to the incomplete utilization of glucose in blood,
which leads to the production of higher levels of acetone say
greater than 1.8 ppm for diabetic patients while less than 0.9 ppm
for healthy people [6]. Similar to acetone, ethanolamine is also an
important biomarker to detect liver disorder. Dent and Walshe [7]
reported the presence of abnormal concentration of ethanolamine
in urine of a patient having amino acid metabolism disorder in
liver, which leads to primary carcinoma.

Till today, detection of these types of biomarkers is performed

* Corresponding author at: School of Electrical & Electronics Engineering (SEEE),
SASTRA University, Thanjavur 613401, India.
E-mail address: rjbosco@ece.sastra.edu (J.B.B. Rayappan).

http://dx.doi.org/10.1016/j.ceramint.2016.08.156
0272-8842/© 2016 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

using diagnosis techniques like Gas Chromatography (GC), Mass
Spectrometer (MS), Fourier Transform Infrared Spectrometer
(FTIR), Nondispersive Infrared Spectroscopy (NDIR), Nondispersive
Isotope-selective Infrared Spectroscopy (NDIRS), Chemilumines-
cence, Electrochemical, Colorimetric, Surface Acoustic Wave
(SAW), Selected Ion Flow Tube (SIFT) methods [2]. Even though
these techniques show rapid and good selective detection of target
vapours or aromas, they are limited due to their size, cost and time
consuming processing steps. To overcome these limitations, metal
oxide based chemiresistive breath sensors have been developed
owing to their advantages like miniaturized size, portability,
highly sensitive, non-invasive and cost effectiveness [6].

In the recent past, ZnO has been extensively studied by many
researchers owing to its potential applications in various fields and
particularly in fabricating sensor devices [8-19]. To enhance its
sensing performance, significant efforts have been made like
doping of metal oxides or metals [20-24]. Doping has been an
important and effective technique to tune the structural and
morphological properties of ZnO for desired applications [25,26].
Reduced graphene oxide doped SnO, [27], metal [28] and organic
elements doped ZnO [29] were investigated to improve the acet-
one sensing characteristics by enhancing the sorption process of
acetone vapour without modulating the activation energy of the
sensing surface. Among various doping elements, cerium is found
to be an interesting element due to its key features like availability
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of 4f orbital, ionic bonding between Ce-O [30], chemically stable
nature, redox coupling of Ce3*/Ce**, easy formation of labile
oxygen vacancies with relatively high mobility of bulk oxygen
species [31] and control over modifying the morphological prop-
erties of the host. Ce-dopants favoured better chemical interaction
with acetone molecules for enhanced response [32-35]. Ge et al.
[35] observed the influence of Ce-dopants in the sorption process
during gas-solid interaction. To the best of our knowledge, very
few reports are available explaining the microstructural and sen-
sing mechanism of Ce-doped ZnO nanostructured films prepared
using spray pyrolysis technique. Hence, in the present study, the
effect of cerium-dopants on the acetone and ethanolamine sensing
characteristics of ZnO in the context of developing non-invasive
disease diagnostic tool for detecting diabetes mellitus and carci-
noma has been investigated and reported.

2. Materials and methods
2.1. Film deposition and formation

Undoped and Ce-doped ZnO thin films were deposited on glass
substrates using spray pyrolysis technique (HOLMARC HO-TH-04,
Kerala, India). 0.1 M zinc acetate dihydrate (Sigma Aldrich, 99%
purity) and different molar concentrations (0.002 M, 0.004 M,
0.006 M, 0.008 M to 0.01 M) of cerium (III) acetate hydrate (Sigma
Aldrich, 99% purity) were dissolved in 50 mL of deionized water to
prepare the precursor solution. Glass substrates were ultra-
sonically cleaned using acetone, isopropanol and deionized water.
The obtained precursor solutions with desired concentrations
were deposited on preheated glass substrates at 523 K and the
optimized deposition parameters are given in Table 1. The sprayed
aqueous solution was thermally decomposed on the hot substrate
in-turn resulted in the formation of ZnO and Ce-doped ZnO thin
films. The deposited undoped and Ce-doped ZnO samples were
annealed at 673 K for 1 h to remove the residues and to enhance
the crystallinity and stability of the thin films [20,36]. These thin
film samples are labelled as CO, C1, C2, C3, C4 and C5.

2.2. Characterization techniques

Structural studies were carried out using X-ray diffractometer
(D8 Focus, Bruker, Germany) with Cu Ka source (A=1.5408 A).
Surface morphologies of the films were examined using Field
Emission Scanning Electron Microscope (FE-SEM) (JSM-6701F,
JEOL, JAPAN). Optical properties of the samples were studied using
UV-Vis spectrophotometer (JASCO, Japan) in the wavelength range
of 350-600 nm. Gas sensing characteristics of the thin films were

Table 1
Optimized spray deposition parameters of undoped and Ce-doped ZnO samples.

Parameters Values

Precursor Zinc acetate dihydrate (0.1 M)
Cerium (III) acetate hydrate (0.002 M,
0.004 M,0.006 M, 0.008 M to 0.01 M)

Solvent Deionized water

Substrate Glass

Carrier gas Compressed air

Compressed air pressure 1 bar

Substrate temperature 523 K

Spray nozzle diameter 0.2 mm

Solution flow rate 2 mL min~!

Spray time 45s

Spray interval 30s

Substrate nozzle distance 15cm

Spray angle 90°

investigated using a home-made gas sensing set-up described in
our previous work [14]. High resistance electrometer (6517 A,
Keithley, USA) was used to measure the chemi-resistive behaviour
of the developed sensing elements. Sensing studies were carried
out at room temperature (302 K) and relative humidity of 54%. The
sensing response of the film was calculated using the equation,

s=Ra

R, M

where, R, and Rg are the resistance of the sensing element in air
and test gas atmosphere respectively.

3. Results and discussions
3.1. Structural studies

Fig. 1 shows the XRD patterns of undoped and Ce-doped ZnO
thin films. The observed diffraction peaks of the films confirmed
the hexagonal polycrystalline wurtzite structure of ZnO and the
obtained (100), (002), (101), (102), (110), (103) and (200) crystal
plane signatures are in good agreement with the JCPDS card (No.
36-1451). Absence of Ce or CeO, peaks in doped samples (C0-C4)
revealed the substitution of Ce?* for Zn?* in ZnO lattice in-turn
confirmed the dopant concentration in ZnO was below the solu-
bility limit. As the dopant concentration was increased, the peak
intensity of undoped ZnO film decreased and this might be due to
the degradation of the crystalline quality. But for the C5 sample, a
new diffraction peak was observed at 28.7° with (111) orientation,
which revealed the formation of CeO, crystallites with a face-
centered cubic structure and in good agreement with JCPDS card
(No. 75-0390). This might be due to the increased concentration of
Ce-dopants beyond its solubility limit in ZnO [37].

As expected, a slight shift in the major diffraction peaks was
observed due to the influence of Ce-dopants. The observed shift
emphasizes the fact that the substituent Ce3*+/Ce** jons with
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Fig. 1. X-ray diffraction patterns of undoped and Ce-doped ZnO samples.
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Full width half maximum (FWHM), 2 theta, crystallite size, lattice parameters “c” and “a” and band gap of undoped and Ce-doped ZnO samples.

Sample FWHM (°) 2 Theta (°) Crystallite size (nm) Lattice parameters Band gap (eV)
(100) (002) (101) (100) (002) (101) (100) (002) (101) c(A) a(A)
Co 0.5897 0.5873 0.5725 31.82 34.43 36.28 14 14 15 5.2116 3.2485 322
C1 0.7087 0.8017 0.7872 31.82 3447 36.28 12 10 1 5.2057 3.2485 3.22
Cc2 0.6224 0.7726 0.7152 31.83 34.41 36.25 13 1 12 5.2145 3.2475 3.23
C3 0.6810 0.7557 0.7296 31.84 34.34 36.24 12 1 1 5.2249 3.2465 324
C4 0.9748 11213 0.7992 31.89 34.32 36.22 8 7 10 5.2278 3.2416 3.24
5 0.7955 1.0881 0.6835 31.85 34.39 36.23 10 8 12 5.2175 3.2456 3.26

larger ionic radius of 0.103 nm/0.092 nm than that of Zn?*
(0.074 nm) should have distorted the ZnO lattice. Also, the larger
jonic radius of Ce** and Ce** than Zn?>* might have reduced the
growth rate of crystallites in-turn degraded the crystalline quality
[33,37]. Ce-dopants might have distorted the crystal growth or-
ientation and decreased the crystallite size [38]. This is also evi-
dent from the observed lattice parameters (Table 2) and change in
the domination of various crystal planes with reference to dopant
concentration.

100nm
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The average crystallite size was calculated using Debye-Scher-
er's equation,

D= 0.92
pcosd

@)

where, ) is the wavelength of Cu Ko radiation (1.5406 A), B is the
full width at half maximum intensity (FWHM) and O is the Bragg's
diffraction angle. All the observed structural characteristics
namely FWHM, 20, lattice parameters (a and c¢) and average
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Fig. 2. Scanning electron micrographs of undoped (a) and Ce-doped ZnO (b-f) samples.
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crystallite size are presented in Table 2. The average crystallite size
was found to be decreased with an increase in Ce-dopant con-
centration, which is in good agreement with the results observed
by Yousefi et al. [31]. This trend might be correlated with the in-
fluence of Ce-dopants in the ZnO lattice as well as the observed
peak shift in the diffraction pattern.

3.2. Morphological studies

Fig. 2 shows the formation of undoped and Ce-doped ZnO thin
films having uniformly distributed spherical grains with differ-
ently packed structures and size. It might be due to the influence
of Ce-dopant concentrations on the lattice arrangement and grain
boundaries. Also, one can observe the decrease in grain size of Ce-
doped ZnO thin films with an increase in Ce concentration. The
average grain size was found to be decreased from 50 nm to less
than 30 nm with an increase in Ce-dopant concentration. A unique
spine like nanostructure was appeared on the surface of nano-
spherical grains (Fig. 2(C3)) and disappeared for other dopant
concentrations. Similar trend was reported for ZnggCeg;0 thin
films [37].

3.3. Optical studies

Fig. 3(a) shows the optical transmittance spectra of undoped
and Ce-doped ZnO samples. The absorption edges of thin film
samples at around 385-395 nm are due to the photoexcitation of
electrons from valence to conduction band [39]. The absorption
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Fig. 3. (a) Transmittance spectra and (b) Tauc's plot of undoped and Ce-doped ZnO
samples.
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Fig. 4. Sensing response of undoped and Ce-doped ZnO samples towards 100 ppm
of ethanolamine, acetone, ammonia and acetaldehyde vapours.

edges were shifted towards the lower wavelengths from 394 to
390 nm as the Ce-dopant concentrations were increased. The ob-
served blue shift might be due to the increased oxygen vacancies,
defects in ZnO lattice and disorders in crystallite boundaries as the
effect of Ce doping. It also can be correlated with the decrease in
the average grain size. The optical band gap was calculated from
extrapolating the linear region of plot (ahv)’ against photon en-
ergy(hv) (Fig. 3b). The observed blue shift and band gap widening
from 3.2 to 3.26 eV can be explained on the basis of Burstein-Moss
effect [37]. The increase in transmittance of thin films from ~55%
to 70% also supports the same observation.

3.4. Sensing studies

3.4.1. Selectivity

The undoped and Ce-doped ZnO thin films were exposed to
100 ppm of oxidizing vapour (ethanolamine) and reducing va-
pours (acetaldehyde, acetone and ammonia) at room temperature
and their sensing responses were shown in Fig. 4. Among the six
samples, C2 showed a response of 250 towards 100 ppm of acet-
one (reducing vapour), whereas C4 showed a response of 428 to-
wards 100 ppm of ethanolamine (oxidizing vapour). Both the re-
ceptor and transduction functions of C2 and C4 samples were
highly selective towards acetone and ethanolamine. The different
oxidation states (Ce?*/Ce3*+/Ce**) of Ce-dopants in ZnO might
have introduced more oxygen vacancies and carrier concentrations
in-turn enhanced the sensing response of C2 and C4 samples.

3.4.2. Response and recovery studies

Fig. 5 shows the transient resistance responses of C2 and C4
samples towards 100 ppm of acetone and ethanolamine at room
temperature. The observed stable base line resistance at ambient
atmosphere after and before interacting with target gas revealed
the faster response and recovery characteristics of the sensing
elements. The decrease in resistance (Fig. 5(a)) of the sensing
element C2 in the presence of acetone vapour confirmed the re-
ducing nature of acetone. At the same time, increase in resistance
(Fig. 5(b)) towards ethanolamine revealed the oxidizing nature of
ethanolamine vapour. Compared with the available reports, re-
sponse of the sensing element towards acetone and ethanolamine
vapours was found to be better at room temperature (Table 3). The
response time of 35 and 20 s and recovery time of 21 and 10 s
were observed for C2 and C4 samples towards 100 ppm of acetone
and ethanolamine respectively.

3.4.3. Detection limit
The detection efficiency of the sensing elements towards
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Fig. 5. Transient resistance response of (a) C2 sample towards 100 ppm of acetone

and (b) C4 sample towards 100 ppm of ethanolamine at room temperature.

Table 3

Comparison of the responses of various sensor elements towards acetone.

Sample Concentration Temperature (°C) Response Ref.
(ppm)
Ce-ZnO 5 24 3 Present
work
ZnO 100 24 73 [18]
SnO>-RGO 500 24 ~7 [27]
Ni-ZnO 100 24 1.61 [28]
TsCuPc-ZnO 50 24 162 [29]
Cr-WO0s3 1 Above 24 2.9 [42]
ZnO 500 200 ~9.6 [43]
Ce-Sn0, 500 250 33.2 [32]
Ce-Sn0, 500 320 48.5 [33]
Ce-ZnO 100 320 22 [35]
Ce0,-ZnO 500 325 55 [34]
Co-ZnO 100 360 ~16 [44]

acetone and ethanolamine was investigated by varying the target
vapour concentration from 1 to 500 ppm and is shown in Fig. 6.
For 1 ppm and 100 ppm of acetone the obtained response was
3 and 252 for C2 sample. Above 100 ppm, the response was sa-
turated, which might be due to the non-availability of active sites
for further gas-solid interaction. Similarly, the response of C4
sample towards ethanolamine from 1 ppm and 500 ppm was
7 and 1850 respectively. Hence, the detection ability of Ce-doped
ZnO films (C2 and C4) from 1 ppm to 500 ppm makes them sui-
table sensors for breath analysis and disease diagnostics.

3.4.4. Sensing mechanism
When the n-type semiconducting ZnO thin film was exposed to
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Fig. 6. Sensing responses of C2 and C4 samples towards the various concentrations
of acetone and ethanolamine.

the ambient atmosphere, the resistance of the film is increased
due to the adsorption of its conduction band electrons by oxygen
molecules (Eq. (3)).

02+e(}n0)_’05(2n0 surface)

3

Trapping of electrons from the conduction band lead to in-
crease the width of the space charge region in each grains of the
ZnO film in-turn increased the height of the potential barrier [14].
This increased potential barrier or the persuaded resistance is
fixed as the base line resistance for all the sensing studies. When
the reducing vapours like acetone, ammonia and acetaldehyde
were introduced to the Ce-doped ZnO, the resistance decreased
from its base line. This trend confirmed the response of the sensor
towards reducing gases. The introduced acetone vapour interacted
with the adsorbed oxygen ions leading to desorption of the same
from the surface. This interaction increased the electron con-
centration in the conduction band of sensing element as given in
Eq. 4 and reduced the height of the potential barrier, thereby en-
hanced the transduction function and decreased the baseline re-
sistance. The change in resistance of the film has been calculated
from the obtained response graph.

CH,COCH; + 405

(zno surface)_)3 C0,1+3H,01 +4e(}n0 surface)

4)
When ethanolamine was introduced to the Ce-doped ZnO sensing
element (C4), its resistance increased from the base line and at-
tained a steady state Fig. 5(b). The increase in resistance could be
due to the oxidizing nature of ethanolamine. Ethanolamine mo-
lecules interacted with the adsorbed oxygen to form a bilayer and
subsequently it might have reacted with the surface free oxygen
molecules (in ambient) to form ammonia, carbon dioxide and
water vapour (Eq. 5). Rochelle et al. [40,41] investigated the de-
gradation of ethanolamine in detail and reported that the oxida-
tion of ethanolamine results in the formation of by-products such
as ammonia, carbon dioxide, etc. Based on this observation, the
sensing mechanism has been proposed as given below:

CH,CHOHNH, + 205710 surface)—

NH; + 2C0,1+2H,0+2e 7,0 surface) 5)

3.4.5. Potential applications

The plethora of gaseous compounds evolved during metabo-
lites act as the best biomarkers, as they can be detected using non-
invasive sensors to identify the diseases. As acetone is the sig-
nature of type I diabetes, it can be detected quickly with the aid of
designed Ce- doped ZnO breath sensor. The sensing efficiency is
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high as its response is 3 for 1 ppm of acetone at room temperature.
The selectivity of the sensor can be tuned to identify other VOCs
like ammonia and acetaldehyde to design a better breath sensor
for other diseases.

4. Conclusion

In summary, acetone and ethanolamine sensors using Ce-
doped ZnO thin films with varying Ce-dopant concentrations were
successfully fabricated. Structural, morphological and optical
characteristics cohesively confirmed the influence of Ce-dopants
in modulating the grain size and bandgap of ZnO. Among the
different Ce-dopant concentrations, films prepared with 0.004 M
and 0.008 M of Ce-dopants showed an excellent response towards
acetone and ethanolamine vapours respectively with swift re-
sponse and recovery times. Lower concentration detection of
1 ppm of acetone could be an effective tool to detect type 1 dia-
betes through exhaled breath analysis. The observed results sug-
gested that the Ce-doped ZnO sensor can be used as a cost effec-
tive disease diagnostic tool, which can be used in the fields by the
medical field officers as a hand held device for the rapid assess-
ment of the status of the disease.
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