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Abstract

An alternative oxygen sensor to conventional ZrO, based automotive oxygen sensors (COS) was
successfully manufactured. ZrO, nanoparticles were used as base material and nanofibers were fabricated
via electrospinning using polyvinyl alcohol and ZrO, solution (ZrO,+PVOH) to obtain active surface of
the sensor where the engine exhaust gas interacts and chemisorption reactions take place prior to
calcination process of nanofibers at 700 °C. Thanks to operating temperature control and high
surface/volume ratio of nanofibrous structure, the ZrO,+PVOH nanofibrous sensor demonstrated similar
performance with COS under increasing exhaust gas percentage (until 50-60%) along with increasing
operating temperature conditions. For ZrO,+PVOH nanofibrous sensor, maximum sensing performance
(R4/Re) of 7.24 was achieved at sensor operating temperature of 700 °C and exhaust gas concentration of
50% whereas it was 8.11 for EOS under same conditions. The ZrO,+PVOH nanofibrous sensor
performed acceptable performance throughout wider operating temperature range (270-900 °C) compared
to conventional COS. Though an average of 15% reduction in sensing performance was observed for
ZrO,+PVOH nanofibrous sensor, the promising results of this alternative oxygen sensor will be a good
guide for more comprehensive future works focusing on oxygen sensors with very rapid response-
recovery time and light-off capability.

Keywords: Oxygen sensor, Nanofiber, Electrospinning, ZrO, nanoparticles, Exhaust gas
ZrO; Nanolif Oksijen Sensoriiniin Performans Degerlendirmesi
Oz

ZrO, tabanli geleneksel otomotiv oksijen sensorlerine (GOS) alternatif bir oksijen sensorii basariyla
iiretilmistir. Egzoz gazlarimin temas edecegi ve kimyasal reaksiyonlarin baslayacag: sensor aktif yilizeyini
olusturmak icin, polivinil alkol ve ZrO,’den olusan ¢ozelti kullanilarak (ZrO,+#PVOH) elektroegirme
yontemiyle nanolifler elde edilmis ve sonrasinda bu lifler 700 °C sicaklikta kalsinasyon islemine tabi
tutulmustur. Islem sicakhigmin hassas kontrolii ve nanolif yapilarin yiiksek yiizey/hacim oranlari
sayesinde, artan egzoz gaz konsantrasyonlari (%50-60’a kadar) ve yiiksek calisma sicakligi sartlari
altinda, ZrO,+PVOH nanolif sensériin GOS’a yakin Sl¢lim performans: gosterdigi tespit edilmistir.
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Performance Assessment of ZrO, Nanofibrous Oxygen Sensor

ZrO,+PVOH nanolif sensériin 700 °C galisma sicaklifi ve %50 egzoz gaz konsantrasyonunda maksimum
algilama performansi (R,/R¢) olan 7,241 gosterdigi, ayni sartlar altinda geleneksel oksijen sensoril i¢in
ise bu degerin 8,11 oldugu tespit edilmistir. Nanolif sensoriin genis bir egzoz gaz sicaklik araliginda
(270-900 °C), kabul edilebilir algilama sonuglar1 gosterdigi gozlemlenmistir. Elde edilen performans
degeri, GOS’a kiyasla ortalama %15 az olsa da, bu nanolif sensor, gelecekte iiretilecek daha kisa cevap-
toparlanma stiresine sahip ve hassas 6l¢iim yapabilen oksijen sensorleri i¢in umut vadetmektedir.

Anahtar Kelimeler: Oksijen sensorii, Nanolif, Elektroegirme, ZrO, nanopartikiil, Egzoz gazi

1. INTRODUCTION

For many years, sensors have been irrevocable
thanks to their wide usage area such as sensing
physical measures, detecting hazardous and
explosive gases for health and environmental
concerns as studied by many researchers: Mun
et.al. manufactured resistive-type lanthanum ferrite
oxygen sensor based on nanoparticle-assimilated
nanofiber architecture composing functional
powders by sol-gel and electrospinning methods.
The results demonstrate that powder formed using
mixing of two methods performed the highest
response time compared to that of sol-gel method.
[1]. Li et.al. carried out a review study focusing on
gas sensors based on semiconducting metaloxide
nanostructures (SMONS) with various mechanisms
including nanoparticles, nanowires, nanosheets,
nanorods, etc. The research depicts that in some
applications surface modification may be needed
for nanoparticle based gas sensors for high
sensitivity and metal ion doped SMONSs are
capable of adsorbing high amount of oxygen
molecules due to increased number of active sites
and more defects on the surfaces [2]. An
experimental study on NH; gas sensors has been
conducted by Hu etal. [3] that is related to
chemically reduced graphene oxide (rGO) based
gas sensors. The promising results offer that the
sensor response time is 1.4 times faster than that of
the conventional NH; sensors. Another study on
detection of volatile organic compounds (VOCs)
demonstrates that TisC,T, MXene gas sensors
performs quite effectiveness sensing 50-100 ppb
for VOC gases at room temperature surpassing the
best sensors known [4]. More related topics
including detection of hazardous gases, physical
measures and  precautions taken  against
environmental and health issues can be found
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elsewhere [5-10]. Among these, metal oxide
semiconductor sensors are renowned for their high
precision in gas detection under high temperature
conditions [11-14]. Oxygen sensors are to be
utilized in variety of fields such as fire prevention
systems [15], blood gas monitoring [16] and
oxygen concentrators [17]. Likewise, automotive
industry has been utilizing sensors as “sense
organs” in transportation vehicles i.e. detection of
pressure and temperature of intake air, motion
detection (crank, detonation, ABS, etc.), impact
(airbag sensors), fuel flowrate, altitude, park
assistance, steering angle, etc. [18-22].

Sensing mechanism of an oxygen sensor depends
on the voltage (Nernst voltage) generated by a
ZrO, electrochemical cell. At high temperatures
above 600 °C, oxygen ions form due to
dissociation of ZrO, making it a solid electrolyte
for oxygen. As DC current flows through a ZrO,
disc coated with porous electrodes, oxygen ions
from the atmosphere commence to be transported
on the disc and an amount of oxygen at the anode
is liberated proportional to the electrical charge
(Figure 1) [23-26].

Although these solid-state electrochemical oxygen
sensors have been well-known and have undergone
development processes, they have considerable
amount of drawbacks including low sensitivity to
fluctuations of oxygen partial pressure and low
diffusion rate of oxygen at the active layer of the
sensor impairing high sensitivity [1,27,28]. A
rational solution to this drawback is to present a
chemical sensor comprised of metal oxide doped
nanofibers fabricated via electrospinning process.
The gas detection of these conductometric sensors
are based on the very rapid electrical resistance
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change of the surface exposed to the target gas
thanks to their large SVR [1,29-31].

Electrospinning technique has always been in the
radar of researchers due to its versatility, cost-
effectiveness, high efficacy and simplicity in terms
of nanofibrous natural and synthetic polymer
fabrication. Briefly, electrospinning deals with
electrostatic forces to form fiber in submicron
range. Electric field, distance between feeding unit
and collector, feeding rate are influential on
morphology and diameter of the nanofibers in
electrospinning process [32-36]. Furthermore,
electrospinning is a good way of fabricating thin
film layers and in chemical sensors, thin film
production for sensor active surface provides
considerable amount of increase in sensing
efficiency since gas sensing performance is
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associated  with  active surface electrical

conductivity [37-39].

This study aims to provide oxygen sensing
performance evaluation of a manufactured ZrO,
doped PVOH nanofibrous sensor under various
exhaust gas fractions and sensor working
temperatures in terms of sensing effectiveness
considering designated engine working parameters
and make a comparison to engine oxygen sensor
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(EOS). Nonetheless, electrospun  nanofibers
underwent heat-treatment process (calcination) to
increase  the  sensing  effectiveness.  The
morphology, chemical composition  and
characterization of the ZrO, nanoparticles and
fabricated nanofibers were also presented.
v
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Figure 1. Schematic of a narrow-band conventional oxygen sensor [23]

2. MATERIALS & METHOD
2.1. Electrospinning Process

To prepare a homogenous polymeric solution,
polyvinyl alcohol (PVOH, M,~125000, 88%
hydrolyzed) in weight ratio of 5% was mixed with
distilled water to conduct dissolution process and
the mixture was maintained at 120 °C for 30 min.
In the subsequent stage, 0.5 g (2.5%) of ZrO,
nanoparticle powder (<100 nm, 99.5% purity,
Sigma-Aldrich, Inc.) was incorporated in the
PVOH solution and ultrasonicated for 5 h to
impede  probable  precipitations and no
agglomeration was observed even after 12 h of
polymeric solution preparation. The data relating
physical measures of the solution such as viscosity
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(375 cP), electrical conductivity (3.59 mS/cm) and
surface tension (40 mN/m) were collected in
triplicate and averaged at a mean temperature of
25 °C. ZrO, nanoparticle powder weight above as-
mentioned value induced clogging in some parts of
the nozzle hampering fluent electrospinning
process.

Injection of the polymeric solution (PVOH+ZrO,,
injection rate of 0.1 mL/h) was carried out via a 10
mL syringe with 20-gauge nozzle towards the
collector (24 cm away from the nozzle) covered
with aluminum foil on which the fabricated
nanofibers form a web layer at a potential
difference of 22.5 kV (AC). The nanofibers were
firstly transferred to microscopic thin mica and
subsequent to calcination process, the nanofibers
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were blended with pure water in a weight ratio of
100:20 to form a paste to coat inner and outer side
of the ceramic tube [40]. The experiments were
conducted at relative humidity of 45-52% and
temperature of 24-28 °C (Figure 2).

Collector

- A 2 v

Nanofiber

High voltage
24cem

.
t Electric field

Feeding unit

PVOH+ZrO2
polymeric solution
Figure 2. Illustration of the
technique

electrospinning

2.2. Calcination Process (Nanofiber Heat Pre-
treatment)

Subsequent to electrospinning, the nanofiber layers
underwent calcination (annealing) process at about
700 °C in a furnace to eliminate impurities within
the nanofibers to increase the sensing performance.
The calcined as-spun fibers were wrapped onto the
outer (target gas side) and inner surface (reference
air side) of the ceramic tube to form the active
reaction surfaces (Figure 3).
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Figure 3. Illustration of the nanofibrous sensor

2.3. Characterization of the Electrospun Fibers

As-spun nanofibers were firstly gold-coated in
vacuum ambient before SEM-EDX analyses to
observe  the structure and  morphology.
Subsequently, SEM images of the nanofibers were
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taken at 200000x magnification and in 500 nm
scale. Characteristic FT-IR peaks were also
analyzed to investigate fibers’ structural behaviors.

2.4. Experimental Set-up

The ceramic tube with interdigitated electrodes and
covered with calcined as-spun fibers was installed
in a well-sealed steel chamber. The exhaust gas
was sent to the chamber from an inline 4-cylinder,
3.9 liters, direct injection, turbocharged diesel test
engine with maximum power of 100 kW @2900
rpm and maximum torque of 370 Nm @1600 rpm.
The test engine comprises of a downpipe exhaust
system (no catalytic converter, EGR, DPF, AdBlue
system, etc.) with an electronically controllable
valve (ECV) installed to adjust exhaust gas flow
rate (Figure 4). Before each measurement, the test
engine was run for a while so as to reach engine
coolant regime temperature (about 70 °C) and all
measurement data were collected under the engine
working condition of 1750 rpm without engine
load to acquire similar exhaust gas temperature of
about 600-700 °C (denoted by “T” in the schematic
of the set-up) for each experimental trial. Upon
exposure of exhaust gas, a voltage (Nernst voltage)
was generated due to the partial pressure
difference of the oxygen in the air chamber (inner
side) and exhaust gas (outer side) thanks to the
electrolytic transporter behavior of ZrO, doped
nanofibrous surface until a stable level was
reached. This voltage informs about the surface
electrical resistance (read from the multimeter) and
defines response of the sensor (R.). The outer
surface of ZrO, doped PVOH nanofibrous sensor
was exposed to the atmosphere after each test until
procuring 90% change in resistance (R,) which is
also known as “recovery” of the sensor [10,29,41].
Thus, R./R. was considered as the sensor detection
performance throughout the study. Sensor
detection performance was observed by varying
sensor working temperature (from the sensor
heater) and exhaust gas percentage introduced into
the steel chamber through the ECV.
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Figure 4. Illustration of the experimental set-up

3. RESULTS AND DISCUSSION

3.1. Nanofiber Characterization

Figure 5a and Figure 5b demonstrate the uniform
and well-dispersed nanofiber structures of the
undoped PVOH and ZrO, doped PVOH
(polymeric solutions processed under electrostatic
forces. It was observed that ZrO, doped PVOH
nanofibers have smaller average diameters
(7348 nm) than those of the undoped PVOH
nanofibers (110+12 nm). This is attributed to
ionization of the solution due to the amount of
metal compound providing higher electrostatic
forces exerted on the polymer jet (increased

a4
By N

@)

- 500 nm (C)

whipping instability level) in the electrospinning
process, thus, thinner fibers [10,42]. To the SEM
image in Figure 5c, metaloxide in the ZrO, doped
PVOH nanofibers calcined at 700 °C is clearly
observed in bead form and nanofibers have high
endurance against high temperatures (e.g. high
exhaust gas temperatures). It is also seen in the
EDX graph that the chemical composition of the
structure decomposes from impurities at high
temperatures in the calcination process [10].
Aluminum peaks are due to accumulation of the
whipped fibers onto the aluminum foil and the rest
of the elements support the structure of the
fabricated nanofibers (Figure 5b).

(b)

12K

00 13 26

39 (d)

Figure 5. SEM images of the: (a) PVOH; (b) ZrO, doped PVOH; (c) ZrO, doped PVOH calcined at
700 °C; (d) EDX analysis of ZrO, doped PVOH
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FT-IR spectrums (Figure 6) show that O-H and C-
H peaks of PVOH are wide and flat at 3400 cm™
and 2900 cm™, respectively [43]. In general,
minimal shifts in PVOH may be observed in case
the polymeric solution contains ZrO, metal oxide.
Each metal has peculiar peaks in FTIR fingerprint
region and it is 640 cm™ for ZrO,. A band around
1500 cm™ is ascribed to Zr-O vibrations of t-ZrO,
[44].
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Figure 6. FT-IR spectrums of PVOH and ZrO,
doped PVOH

3.2. Sensing Mechanism

Anion (oxygen) ion vacancies provide conduction
of oxygen ions through Zr* ions. Due to almost
zero electrical conductivity of stabilized zirconia at
low temperatures, these sensors are to operate at
minimum of 500 °C for applications. The platinum
catalyst coats the inner and outer surfaces of the
sensor to promote the electrochemical reactions as
shown in Equations (1) and (2) (see Figure 1) [45]:

0, + 4e” — 207 (air chamber) (1)
20% — 0, + 4e” (exhaust gas side) 2)
3.3. Sensing Performance

The working temperature of a zirconia oxygen
sensor is a paramount parameter for AFR
adjustment. In general, automotive zirconia
oxygen sensors remain inactive during a time
period after the cold start of the engine which is
defined as “light-off capability”. Within this
inactive time period (average of 15 s), the sensor
does not operate making a drawback in terms of
meeting emission standards especially for engine
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cold working conditions [26]. Figure 7 presents the
variation of the sensing performance of the sensor
manufactured using nanofibers calcined at 700 °C
with respect to working temperature of the sensor
at constant exhaust gas percentage of 50%, exhaust
temperature of 600-700 °C and engine speed of
1750 rpm. The ZrO, doped PVOH nanofibrous
sensor exhibits negligible Ra/Re values (no
response) until about 270 °C. As the temperature
continues to rise, chemisorption reactions
commence to accelerate and electron loss from the
active surface (outer surface) provides a gradual
reduction in surface electrical resistance (higher
R./Re). This phenomenon perpetuates until the
surface comes to saturation (no more reaction
between the active surface and the oxygen
molecules within the exhaust gas). However, it is
clearly seen from the Figure 7 that current zirconia
oxygen sensor (EOS) responds beginning from
310 °C of operating temperature which depicts that
the ZrO, doped PVOH nanofibrous sensor
performs an effective operation in wider time
period thanks to its larger SVR.

10 —s— Nanofibrous02 sensor - -w-- Engine 02 sensor

g @50% exhaust gas a

B

0 200 100 600 BOD 1000

Sensor operating temperature (C)
Figure 7. Sensing  performance  vs.
operating temperature

sensor

The variation of the sensors’ performances versus
exhaust gas percentage under constant operating
temperature is shown in Figure 8. The sensor
working temperature was maintained at 750 °C
since the best performances were obtained at about
this temperature value for both sensors in the
former stage of the study. The increment in
exhaust gas sent to the ZrO, doped PVOH
nanofibrous sensor yields more oxygen take place
in the chemical reaction, that is, more electron loss
of the active surface and lower electrical resistance
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(lower Rg). Reduction in electrical resistance
results in higher sensing performance and reaches
a stable value at about exhaust gas percentage of
50% showing that no more oxygen in the exhaust
gas reacts with the ZrO, doped PVOH nanofibrous
sensor due to saturation.

—&— Nanofibrous 02 sensor --m-- Engine 02 sensor

@600-700 C exhaust gas

RafRe

0 10 20 30 A 50 60
Exhaust gas (%)

Figure 8. Sensing performance vs. exhaust gas
percentage

4. CONCLUSIONS

An effective sensor has been designed and
manufactured thanks to ZrO, doped nanofibers
with high SVR. Increment of active surface area
provides more interaction of exhaust gases with
the sensor surface and higher effectiveness time
period. The nanofibers wrapped onto the ceramic
tube were fabricated via electrospinning which is a
simple and cost-effective  technique. The
effectiveness of the ZrO, doped PVOH
nanofibrous sensor reaches its maximum (7.24) at
sensor operating temperature of about 700 °C
which is 15% lower than that of EOS. Besides,
ZrO, doped PVOH nanofibrous sensor depicted
similar oxygen concentration measurement range
(0-60%). It was shown that sensor operating
temperature is paramount in oxygen sensing
performance and an average performance of
3.92 was obtained at under various sensor
operating temperatures. Furthermore, ZrO, doped
PVOH nanofibrous sensor depicted high
performance (average of 4.24) against increasing
exhaust gas percentages. This study presents
promising results in the context of oxygen
detection alternatively for ICEs with high precision
and can be a good guide for future works focusing
on oxygen sensors with very rapid response-
recovery time and light-off capability.
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