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Abstract

CO; sensing is of paramount importance for monitoring the state of the
atmosphere, controlling indoor air quality, and cultivating crops in greenhouses or plant
factories. Obtaining low cost, simple and good performance chemoresistive CO, gas
sensors has the potential to be a game changer. Rare-earth oxycarbonates Ln,O,CO3
have been proposed as promising chemoresistive materials for CO, sensors. The
already published results indicate monoclinic La,0,CO3 as the most suitable material.
On the other hand, there are no reports about the sensing properties of more stable
hexagonal La,O,COj3 and the other rare-earth oxycarbonates than La and Nd.

In my master study, | have succeeded for the first time in synthesizing monoclinic
La,0,C03 and hexagonal La,0,CO3; separately by heat treatment of La oxalate hydrate
and showing that hexagonal La,0,CO3; possesses better properties as a CO, sensing
material. Here, the heat treatment conditions have been optimized for stabilizing the
synthesis and sensing properties of La,0,COs.

In order to obtain the other rare-earth oxycarbonates, heat treatments of the rare-
earth organic acid salts hydrate were implemented. Rare-earth oxycarbonates
Ln202CO3 (Ln = La, Nd, and Sm) and rare-earth oxides Ln,O3 (Ln = Nd, Sm, Gd, Dy, Er,
and Yb) and LnO; (Ln = Ce) have been studied. All the materials, except for CeO, and
Nd,O3, were sensitive to CO,. This is a remarkable new finding that rare-earth oxides
Ln,O3 (Ln = Sm, Gd, Dy, Er, and Yb), that crystalize in cubic structures, also exhibited a
chemoresistive effect for CO,. All the CO; sensitive materials, except for Nd,0O,COs3,
showed sufficient performance for practical use in terms of the stability, influence of
humidity, selectivity, and the linearity of sensor signal up to 10,000 ppm. Hexagonal
La;0,C0O3 was the best among them.

For basic understanding of the sensing mechanism, operando characterization
including AC impedance spectroscopy, work function, X-ray Diffraction (XRD), and
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) has been
conducted mainly on the best performing hexagonal La,0,CO3; based sensor. From the
results, it seems reasonable to conclude that the competitive adsorption between
carbonates and hydroxyl groups on the surface of rare-earth based CO; sensitive

material is responsible for the sensor effect.
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1 Introduction

1.1 Background

1.1.1 Social demands

Demands for CO, sensing are increasing in a wide range of fields recently. The most
important applications are for monitoring the state of the atmosphere, controlling indoor
air quality, and cultivating crops in greenhouses or plant factories.

The monthly average concentration of atmospheric CO; gas in January at Mauna Loa
observatory has increased from 316 ppm in 1960 to 411 ppm in 2019 [1]. It is thought
that the increase of CO, can cause the global warming since CO, has a greenhouse
effect [2][3]. To control the indoor air quality, the value of 1000 ppm is widely accepted
as an upper CO, concentration limit for an adequate ventilation for our health [4][5]. On
the other hand, CO; enrichment has been commonly used to increase yields of
cultivated crops in greenhouses [6][7], and it was reported that a CO, concentration
between 1000 ppm and 3000 ppm increases the yield of crops while a CO,
concentration more than 3000 ppm decreases the yield [8].

According to [9], over the next five years the CO, sensors market will register a 9.5%
CAGR (Compound Annual Growth Rate) in terms of revenue, the global market size will

reach US$ 910 million by 2024, from US$ 580 million in 2019.

1.1.2 Current technology

Two types of sensors are commercially available; solid state electrolyte and non-

dispersive infrared (NDIR). The solid state electrolyte sensors [10][11], which are



basically composed of two different kinds of ionic conductors and heated at around
500°C, indicate the output voltage depending on the CO, gas concentration. In the case
of NDIR sensors [12][13], the main components are an infrared source, a sample cell (or
light tube), wavelength filters, and a detector. The concentration of CO, gas is
measured electro-optically by its absorption of a specific wavelength in the infrared
range. The standard current technology for practical use is mainly based on NDIR

sensors, which are expensive, bulky, hard to install, and high maintenance.

1.1.3 Chemoresistive material

Obtaining low cost, simple and good performance chemoresistive CO, gas sensors
has the potential to be a game changer. The term “chemoresistive” stands for a property
that electrical resistance changes with chemical environments such as a gas
concentration. Chemoresistive sensors are basically composed of only a chemoresistive
material, electrodes and a heater, therefore, they can be simple and compact.

Several types of chemoresistive CO, gas sensors have been proposed (Table 1.1).
Among them, rare-earth oxycarbonates Ln,O,CO3 (Ln = La and Nd) indicate the highest
sensor signal at a relatively low operating temperature. A lower operating temperature is
favorable because it leads to a lower power consumption of the sensor.

The already published results [14][15][16][17][18] indicate monoclinic La,0,CO3 as
the most suitable material for CO, sensors among this family of materials. However, the
monoclinic structure is metastable and could be transformed into the hexagonal
structure. On the other hand, there are no reports about the sensing properties of more
stable hexagonal La,0,CO3; and the other rare-earth oxycarbonates than La and Nd. In

my master thesis [19], | have succeeded for the first time in synthesizing monoclinic

6



La;0,C0O3 and hexagonal La,0,CO3; separately by heat treatment of La oxalate hydrate
and showing that La oxalate hydrate is a better precursor for reproducibly synthesizing
La,0,C0O3 compared to La hydroxide which has been used in many of previous works,
and hexagonal La,0,CO3; possesses better properties as a CO, sensing material in
terms of the sensitivity and thermal stability than the monoclinic one. However, the

optimization of the heat treatment was not completed yet.

Table 1.1 Operating temperature and sensor signal
of chemoresistive CO, gas sensors from the literature.

Material Operating Sensor signal* Reference
temperature at 1000ppm
SnO,-Lay03 400 °C 1.4 [20]
SnO,-LaOCl 425 °C 1.3 [21]
BaTiO3—CuO-LaCls 550 °C 2.0 [22]
LaOCI 260 °C 3.0 [23]
Ln202CO3 (Ln=La,Nd) 250~400 °C 7.0~15.0 [14][15]

* Sensor signal is defined as Ry/ Rair where Ry and R, are the sensor resistance in air
with gas and the sensor resistance in air without gas respectively.

1.2 Scope of the work

From the background above, the scope of this work is as follows.
1) Stabilizing the synthesis and sensing properties of La;0,CO3
2) Material exploration for rare-earth based chemoresistive CO, sensors

3) Basic understanding of the sensing mechanism



Regarding 1), | have reviewed my preliminary study [19][24][25] about the synthesis
of La,0,CO3; and optimized the heat treatment conditions for stabilizing the synthesis
and sensing properties of La;0,COs.

Regarding 2), | have made a material exploration for rare-earth based chemoresistive
CO; sensors by trying to synthesize other rare-earth oxycarbonates than La and Nd
using the synthesis method studied in 1), and evaluating the sensors based on the
materials in terms of practical use.

Regarding 3), | have conducted operando-investigations, such as, AC (alternating
current) impedance spectroscopy, work function, XRD, and diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) mainly on the best performing sensor for basic

understanding of the sensing mechanism.



2 Experimental tools and setups

2.1 Sample preparation

2.1.1 Material synthesis

Starting materials were rare-earth oxalate hydrates or acetate hydrates, which are all
commercially available powders [19]. Heat treatments were performed as shown in
Figure 2.1. Each powder was put in an alumina boat and heated at 450~550°C for 2~72
hours using a furnace, Nabertherm GmbH R50/250/13. Ambient air, approximately 50%

r.h. (relative humidity) @20°C with 400 ppm CO,, was always sent into the furnace by a

pump.

. _ powder
ambient air —> alumina boat~__ pump

Figure 2.1 Schematic of heat treatment setup [19].

2.1.2 Sensor fabrication

The powders after the heat treatment were mixed with propane-1,2-diol using a
vibrating mill (30 Hz) for 30 minutes. The resulting pastes were screen printed onto

alumina substrates provided with Pt interdigitated electrodes and Pt heaters as shown in



Figure 2.2. After the deposition of the sensing layer, the substrates were dried in air at
80°C for more than 12 hours using an oven and then heated for 10 minutes using the

same furnace and the conditions as for the initial heat treatment of the powders.

9315 gas

top view bottom view

Jmm X 3.5 mm

i sensitive layer
W @81 Pt-electrode
+—— Al,O; - substrate
l | Pt - heater

254 mm x 4.2 mm

Figure 2.2 Schematic of the sensor substrate [19].

2.1.3 Characterization

XRD, PANalytical X’Pert Pro MRD, was applied to characterize the crystal structure of
the powders after the heat treatment and sensors after the DC resistance

measurements. The samples were scanned from 10° to 60° (20) by the X-ray with
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1.5405980 A wavelengths (Cu-Ka, radiation). Data was evaluated by the PANalytical
Highscore software.

A SEM, JOEL JSM-6500F, was utilized to observe the morphology of the sensors.
The surface of samples was coated with Au thin film to prevent the occurrence of
charge-up. The thickness of the Au coating was about 10 nm. The accelerating voltage

of the SEM was 20 kV.

2.2 Sensor evaluation

2.2.1 DC resistance measurement

Figure 2.3 shows a schematic of the DC resistance measurement setup [19].

A constant DC voltage was applyed to the heater backside by a power supply, Hewlett
Packard E3611A and Manson NSP-3630, so as to maintain the sensor temperature at
250°C, 300°C, or 350°C. According to the previous works [14][15][26][27], the sensor
signal to CO; is maximum between 250°C and 350°C. Below 250°C, the sensor
resistance is too high to be accurately measured. Above 350°C, the sensing material is
not stable. Therefore, those three Operating temperature conditions are enough to
compare the properties of different materials.

The heater voltage was calibrated in advance with a contactless thermometer.
Figure.2.4 shows the schematic of the heater calibration measurement setup and the
obtained calibration curve as an example. The surface temperature was measured using
an infrared (IR) contactless thermometer and by varying the applied voltage of the
heater. A linear correlation between the applied voltage and the temperature was

obtained.
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The DC resistance of sensor was measured every 10 seconds using an electrometer,
Agilent 34970A, with varying humidity and CO, concentration as shown in Figure 2.5 by
a flow controller and a H,O bubbler. The test program described in Figure.2.5 is a
standard procedure used in the industry. The sensors were driven in humid air (50% r.h.
at 20°C) with 300ppm CO;, for 12 hours to stabilize the properties before starting the
measurements of sensor responses. Figure.2.6 shows an example of the time variation
of the sensor resistance indicating that the sensor resistance was stable within 1 hour
after the change of CO; concentration. The time period of 10 seconds is good enough to
follow the time variation of the sensor resistance. Resistance for each condition was

obtained by averaging the last 10 points.

ower suppl
flow ppp \
Z0V0574)|0®
controllr measurement meseee
=i cha mbe/_

electrometer

gas bottles

-—L

Figure 2.3 Schematic of DC resistance measurement setup [19].
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(a) Measurement setup (b) Obtained calibration curve as an example

Figure 2.4 Schematic of the heater calibration [19].
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Figure 2.5 Time variation of humidity and CO, concentration during DC resistance
measurements for one operating temperature [19].
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Figure 2.6 Time variation of sensor resistance (as a typical example) [19].

2.2.2 Sensor signal to CO;

The sensor signal was defined as (2.1)
Senor signal = Rgas / Ro (2.1)
where Rgas and Ro were the sensor DC resistance at a certain concentration of a target
gas in air and at 0 ppm of the gas in air, respectively, which were measure in the

manner described in the preceding section.

2.2.3 Selectivity and Sensitivity up to 10,000 ppm CO,

Selectivity and sensitivity up to 10,000 ppm CO, of the CO sensitive materials were

evaluated in humid air at an optimal operating temperature using the apparatus shown
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in Figure 2.3. To evaluate the selectivity, sensor signals to ethanol, CO, and H, up to
200ppm were measured in humid air at the optimal operating temperature. In the
targeted applications, it is thought that CO, concentration is ranging from 400 ppm to
10,000 ppm, and 200 ppm of ethanol, CO, and H, are more than the maximum values.

Figure.2.7 shows the time variation of gas flow during the measurement.

10000
250
g
8000 - <200
<

g S 50 |
8‘_ g 150
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g C 50
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Q (U]
S 4000 - 0 + — ]
: 12 24 30 36 42
8 Duration/ h

2000 -

CO, H, CO
O 1 T T _'_l T _'_lI T T — |
0 6 12 18 24 30 36 42 48
Duration/h

Figure 2.7 Time variation of gas flow during the sensitivity and selectivity evaluation.

2.2.4 Stability

In order to test the stability of the CO; sensitive materials, a standard three day long

ageing process was performed in a high humidity and high CO, concentration in air (80
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% r.h. @20°C and 3000ppm CO) at an operating temperature of 350°C using the
apparatus shown in Figure 2.3 [19]. The standard sensor signal measurements were

performed before and after the ageing process.

2.3 Operando characterization

For basic understanding of the chemoresistive effect for CO,, “Operando
characterization” including XRD, AC impedance spectroscopy, Work function
measurement, and DRIFTS has been performed (Figure 2.8) [28][29]. The operando
stands for actual gas sensing conditions, for example, at an operating temperature of

300 °C, with or without gas exposure, in humid or dry air.

DRIFT Spectroscopy

X-ray Absorption Spectroscopy X-ray Diffraction

20°C
T G R R R

-
Twe Theta[* ]

Relative Imensity [ %]

-
' ‘

-]

Eq, =3676V

o 25 30 38 40 co,+-2H,O .
Photon Energy [ V] Catalytic conversion

UV/vis-DRS

R~exp(eVs/1kgT)
R~exp(eVs/2kgT) |.

2 o1 () a1 02
Surface Band Bending [ V]

Work function and DC
resistance measurements

Impedance measurements Hall measurements

Figure 2.8 Overview of operando characterization.
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2.3.1 Operando XRD

XRD and DC resistance under the operating conditions are measured simultaneously
using the operando XRD apparatus, Bruker AXS GmbH D8 Discover 2D-
Microdiffractometer, as shown in Figure 2.9. The X-ray beam with 1.790300 A
wavelengths (Co-Ka radiation) focused to less than 1 mm in diameter was irradiating the
sensing layer through the X-ray optics and the transparent window of the sensor
chamber. Then the diffracted beam reached the X-ray detector, which measured the X-
ray intensity from the angle (28) between 20° and 60° at once. The sensor electrodes
and the heater electrodes were electrically connected to an electrometer and a power
supply through the sensor holder, which was put in the sensor chamber connected to a

gas flow controller as in Figure 2.3.

sensor substrate

sensor holder

transparent
window

sensor chamber

Figure 2.9 Picture of the operando XRD setup.
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2.3.2 Operando AC impedance spectroscopy

To reveal the conduction mechanism of the sensor, operando AC impedance
spectroscopy was used. From the AC impedance spectroscopy data, one can identify
the different contributions to the conduction process through the sensing layer such as:
the nature of the charge carriers (ionic or electronic); the presence of space charge
regions associated to surface depletion / enrichment or material — electrode contacts;
the dominant contributors to the conduction.

Figure 2.10 illustrates a general conduction model and the equivalent circuit for a
semi-conductive polycrystalline material. Grain-grain boundaries or grain-electrode
boundaries can form Schottky barriers and space charge regions, therefore, the total
impedance is composed of grain bulk resistors (Rp), parallel combinations of resistor and
capacitor at grain-grain boundaries (Ry» *Cy») and grain-electrode boundaries (R *C).
When an AC voltage is applied to the equivalent circuit with varying frequency w, the
impedances Z is represented in (2.2),

Rgb R¢
1+ijgngb 1+jwR.C,

Z=Rb+

(2.2)

and can be plotted in a complex plane as shown in Figure 2.11. In this Cole-Cole plot,
the straight line corresponds to a resistor and the half-circle corresponds to a parallel
combination of resistor and capacitor.

According to [29][30], Ry» "Cy» and R, =C. are related to the band bending V; at the grain
boundary and the difference between the Fermi levels of the electrode and of the

sensing layer material 4@ as described in (2.3) and (2.4),

Rgp x exp(eVs/kT), Cgp x (£/eVs)05 (2.3)

18



R, x exp(A®/kT), C,x (¢/AD)%> (2.4)
where e is elementary electric charge, k is Boltzmann constant, T is absolute

temperature, ¢ is dielectric constant.

eAVIA. A A

Electrode

Electrode

Figure 2.10 General conduction model and the equivalent circuit
for semi-conductive polycrystalline material.

-ImZ

Rb Rgb Rc

Figure 2.11 Cole-Cole plot in a complex plane.
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In real cases, in order to take into account the non-ideality of the various components,

the equivalent circuit and the formula of impedance Z should be modified as Figure 2.12

and (2.5).

Z =R, + —3 Re (2.5)

1+(jw)pRgngb 1+(jw)PRC,

In formula (2.5), the two capacitors are replaced by CPE (Constant Phase Element)
where jw in Z is replaced by (jw) to the power of p, and a capacitor from the substrate is
added. The p value is a factor corresponding to how depressed the half-circle is. If p=1,
the equation is identical to that of a capacitor, and the shape is perfect half circle. If p<1,

the circle is depressed because of the non-homogeneity in the system.

R, R, R;
A\ A\
// //
C, CPE, CPE ;
|

Figure 2.12 Modified equivalent circuit for semi-conductive polycrystalline material.

AC impedance under operating conditions was measured using the setup shown in
Figure 2.13. The measuring system was basically the same as the DC resistance
measurement in Figure 2.3 except for the electrochemical impedance spectroscopy
analyzer, AMETEK Scientific Instruments PARSTAT4000, instead of normal

electrometer. Experimental results were fitted by Scribner Associates, Inc. ZView

20



software using the equivalent circuit shown in Figure 2.12, which leads to the conduction

model.

power supply
visTAee

controller measurement T Yy Ty
=] chambe/ ——

-

flow

, - 4000A

gas bottles

electrochemical
impedance
spectroscopy
analyzer

Figure 2.13 Schematic of operando AC impedance spectroscopy setup.

2.3.3 Operando Work function measurement

Contact Potential Difference, CPD and DC resistance under operating conditions
were measured simultaneously using the Kelvin probe method as shown in Figure 2.14.

There is a relation between CPD, work function change A®, and electric charge e

represented as (2.6) [31].

ACPD =22 (2.6)

Work function change A® is composed of band bending change eAVs and electron

affinity change 4y as shown in (2.7).
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AD = eAV; + Ay (2.7)

The band bending change eAVs is related to the changes in the surface charge that
are the reason of the appearance of space charge layers mentioned in the previous
section, while electron the affinity change Ay is related to the changes in the
concentration of the dipoles (that carry O charge), both because of reactions between
gases and the surface of the sensing material.

For the case in which the conduction process is controlled by back to back Schottky
barriers, combining resistance and work function changes measurements, it is possible
to determine the changes of electronic affinity. This is because the resistance change
Rair/ Rgas OWING to the band bending is linked to the changes in band bending, see (2.3)

as (2.8),

Rair — oxp (— EAVS) 2.8)

Rgas KT
Accordingly, the band bending eAVs is derived from (2.8) as (2.9)

eAV, = kT InZees (2.9)

air

Electron affinity change 4y can be derived from (2.6) and (2.7) as (2.10).

Ay = AP — eAV, = —eACPD — eAV, (2.10)

With the help of (2.9) and (2.10), band bending eAVs and electron affinity change Ay

can be obtained from the experimental results for CPD and DC resistance.
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CPD

eAVINA. A A

DCR

Electrode
Electrode

Figure 2.14 Schematic of operando Work function measurement principle.

2.3.4 Operando DRIFTS

To understand how the gases such as CO, and H,O produce chemical reactions and
form surface adsorbates, which can be responsible for both the change of surface
charge and of the concentration of dipoles, DRITFS (Diffuse Reflectance Infrared
Fourier Transform spectroscopy) and DC resistance were simultaneously measured
using the setup shown in Figure 2.15.

For the DRIFTS measurements, an evacuated FT-IR spectrometer (Bruker Vertex
80v) which was equipped with a Harrick cell (“Praying Mantis”) was used. A sensor was
put in a special chamber mounted in the cell. The spectrometer consists of an
interferometer, KBr window (beam splitter) and the infrared light was recorded with a
LN-MCT-Narrow detector (Liquid Nitrogen cooled - Mercury cadmium telluride), a photo
detector. The spectrum was measured every 15 minutes continuously with a resolution

of 4 cm™ and 1024 sample scans. The absorbance spectrum was derived from (2.11).
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Absorbance = — log (M) (2.11)

SC reference
where SC was obtained single channel spectrum.

For the DC resistance, the measuring system was basically the same as the DC

resistance measurement in Figure 2.3.

2.3.5 Short summary of operando characterization

Operando XRD can show the correlation between resistance change and bulk crystal
structure. Operando AC impedance spectroscopy allows us to identify the conduction
mechanism regarding the current carrier and the contributions such as grain bulk, grain-
electrode boundaries, or grain-grain boundaries which can form band bending and
space charge regions. If the dominant current carrier is electronic and it is mainly
controlled by the band bending at grain-grain boundaries depending on the atmosphere,
one can derive the band bending e4dVs and electron affinity change 4y separately from
operando Work function measurement. Operando DRIFTS clarifies the surface
adsorbate species associated with electron affinity change 4y. This operando

characterization can reveal the sensing mechanism.
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Figure 2.15 Schematic of operando DRIFTS setup.
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3 Stabilizing the synthesis and sensing
properties of La,0,CO;

3.1 Background research

In many of the previous works [14][15][16][17][32][33], rare-earth oxycarbonates are
formed by heat treatment of the hydroxides. However the hydroxides tend to produce
the oxides, which are thermally stable, during the heat treatment.

In my preliminary study [19][24][25], the synthesis of La oxycarbonates has been
investigated through two different routes shown in Figure 3.1. One was from La
hydroxide (Route#1) and the other was from La oxalate hydrate (Route#2). In Figure
3.1, “H” and “C” on the axes indicate the number of hydrogen and carbon atom in each

compound, respectively.

H oxalate hydrate
| Laz[C204]5 nHZO’
hydroxide
3 La(OH);
2| Route #1 Route #2
1 LaO(OH) La(OH)(CO3)
of | La;0; | [ Lay0,CO; | Lay(CO3)3
oxycarbonate
0 0.5 1.0 1.5 C

Figure 3.1 Synthetic routes of rare-earth oxycarbonates and relevant compounds [19].

It was difficult to form La oxycarbonates from La hydroxide (route #1) because of the
tendency to form the oxide. Only the heat treatment of La hydroxide at 450°C for 18

hours provided La oxycarbonate but not reproducibly. In stark contrast to La hydroxide,
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every heat treatment of La oxalate hydrate (route #2) provided La oxycarbonate with a
good reproducibility. These results indicate that La oxalate hydrate is much better than
La hydroxide as a starting material. Table 3.1 presents the different heat treatments |
previously used for the synthesis of the hexagonal phase using the oxalate hydrate as a

precursor [19].

Table 3.1 Heat treatment conditions and obtained materials [19].
(Starting material : La oxalate hydrate)

_— emperature | 450°c 500°C 550°C
2h m +
6h m + m+
18h m + m m+h
72h h

h = hexagonal La,0,CO3, m = monoclinic La,0,COs3, c = carbon residue

As one can observe, not all conditions were explored. It was however important to
gain additional knowledge about what happens at 450°C and 550°C in the case of
longer heat treatments. The additional heat treatments were necessary in order to:

e Check if a longer treatment at a lower temperature results in a complete phase
transformation from monoclinic to hexagonal. This could allow for the optimization
of the synthesis procedure;

e Check the effects of a prolonged thermal treatment at the highest temperature.
This could give a good idea about the stability of the material in the case of long

term operation.
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3.2 Material synthesis and characterization

From the background above, two additional heat treatments: 1) 450°C for 72 hours
and 2) 550°C for 72 hours, were implemented for La oxalate hydrate in the same
manner as [19] and described in section 2.1.1. Figure 3.2 shows the XRD patterns after
the heat treatments of La oxalate hydrate for the six conditions including the results from
[19]. Table 3.2 summarizes the heat treatment conditions and obtained materials
identified by the XRD. The 450°C for 72 hours and 550°C for 72 hours provided
monoclinic La,0,C0O3 and hexagonal La,0,CO3, respectively. It is important to note that
in the case of the lower temperature even a significant increase of the duration of the
thermal treatment did not result in the phase transformation from monoclinic to
hexagonal. For the case of the highest temperature, | found that the material did not
change from the oxycarbonate to the oxide, which is a good indication for its long term
stability. The framed conditions in Table 3.2 were chosen to fabricate sensors for

evaluation shown in next section.
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Figure 3.2 XRD patterns after the heat treatments of La oxalate hydrate
for six heat treatment conditions.

Table 3.2 Summary of heat treatment conditions and obtained materials.
(Starting material : La oxalate hydrate)

Temperature
Time 450°C 500°C 550°C
2h m +
6h m + m +
18h m + m m+h
72h m h h

h = hexagonal La,0,CO3, m = monoclinic La,0,COs3, c = carbon residue
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3.3 Sensor evaluation

Six preparation conditions for sensor evaluation are summarized in Table 3.3. Three
of them were hexagonal La,O,CO3 from La hydroxide (No.1) and La oxalate hydrate
(No.5 and No.6). The other three of them were monoclinic La,0,CO3; from La oxalate
hydrate (No.2, No.3, and No.4). Three or two sensors for each material were fabricated
in the manner described in section 2.1.2 and their DC resistance was measured as
shown in section 2.1.3 to compare the sensing properties among the 6 types of material
using three sensors in total for each material; for No. 1, 2, 4 and 5 one sample was
obtained in a previous synthesis, performed during the master thesis, and 2 samples
were produced especially for the current study. All three sensors for No. 3 and 6 were

newly produced.

Table 3.3 Preparation conditions for sensor evaluation.

Starting Conditions of XRD results Number of sensors
No. :
material heat treatment after heat treatment
from [19] total
1 | La hydroxide | 450°C 18 hours | -2 oxycarbonate 1 3
(hexagonal)

> La oxalate 450°C 18 hours La oxycarpo.nate 1 3
hydrate (monoclinic)

3 La oxalate 450°C 72 hours La oxycart_)o_nate 3
hydrate (monoclinic)

4 La oxalate 500°C 18 hours La oxycart_)o_nate 1 3
hydrate (monoclinic)

5 La oxalate 500°C 72 hours La oxycarbonate 1 3
hydrate (hexagonal)

6 La oxalate 550°C 72 hours La oxycarbonate 3
hydrate (hexagonal)
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Figure 3.3 shows the variations of sensor signal at 1,000ppm CO, with the operating
temperature for the six types of sensors when they were operated in humid air at 50%
r.h.@20°C. The average value of three sensors was used for each displayed sensor
signal. The sensor signal was the highest when they were operated at 300°C for every
sensor except for No.6. In the case of No.6, the sensor signal at 250°C was marginally
higher than at 300°C. From these results, it was confirmed that 300°C is suitable as the
standard operating temperature. This was consistent with the results from my

preliminary study [19].

13
No.6 hexagonal --+<©-++ 1) La hydroxide

- ' 450°C 18h
x 10 - —{1—2) La oxalate
»go 450°C 18h
Xo
= g ---:A--- 3) La oxalate
€8 7{ No5 x 450°C 72h
2 S No.1 =-0O--4) La oxalate
n 3 500°C 18h
S~ No.2
ar 4 --X--5) La oxalate
c ® No 4 500°C 72h
[ o. ;
(%) No.3 y o —¥— 6) La oxalate

] monoclinic 550°C 72h

200 250 300 350 400

Operating temperature / °C

Figure 3.3 Sensor signal at 1,000ppm CO; vs. Operating temperature
for six types of material. (Humidity = 50% r.h.@20°C)
Figure 3.4 shows the variations of sensor signal with CO, concentration at the
standard operating temperature of 300°C for the six types of material. The best one of
the three sensors is shown for each material. Every material exhibited a linear

relationship between the sensor signal and the CO, concentration in a double
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logarithmic scale. This indicates a power law dependence, which allows for a fit the

calibration curve with:
Sensor signal = B [CO, concentration] ¢ (3.1)

The a corresponds to the slope of the calibration curve in a double logarithmic scale.

100 1 100 1
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Figure 3.4 Sensor signal vs. CO concentration for six types of material.
(Operating temperature = 300°C, Humidity = 50% r.h.@20°C)

Figure 3.5 (a) and (b) summarize the results from DC resistance measurements. The
average sensor signal at 1,000ppm CO, and the slope a of No.1, 5, and 6
(corresponding to hexagonal structure) were higher than those of No.2, 3, and 4
(corresponding to monoclinic structure), even though the dispersion in sensor signal of
No.1 and No.5 were large. The condition No.6 was the best in terms of the sensor signal,
the slope a, and their dispersions.

In order to test the stability, the three day long ageing process was performed in the

same manner as [19] and described in section 2.2.4, and the results are summarized in
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Figure 3.5 (c). The resistance changes after the ageing process (corresponding to the
stability) of No.2, 3, and 4 were around three, meaning that the sensor resistance of
No.2, 3, and 4 increased by about three times after the ageing process, while those of
No.1, 5, and 6 were almost one, meaning that the sensor resistance of No.1, 5, and 6
were stable.

These results elucidate that the hexagonal structure possesses a higher sensitivity
and stability than the monoclinic structure and No.6 is the best among six conditions.

Figure 3.6 shows the SEM images of the sensing layer surface for No.6 comparing
with No.5 from [19]. The particles of No.6 were relatively uniform in size compared to
No.5, which can lead to the difference in the dispersion of the sensor signal.

Regarding the heat treatment conditions, it was found that No.6 (550°C for 72 hours)
shows the best performance. Accordingly this type of sensor was used as a

representative for La in the subsequent studies.
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Figure 3.5 Summary of DC resistance measurements. The “m” and “h” stand for

monoclinic and hexagonal structure, respectively.
(Operating temperature = 300°C, Humidity = 50% r.h.@20°C)
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Figure 3.6 SEM images of the sensing layer surface for No.6
comparing with No.5 from [19].

3.4 Operando XRD

To understand the mechanism of change in sensor resistance during the ageing
process for the sensors based on monoclinic La,0,CO3, | demonstrated that the

resistance increased in direct correlation to the degree of the transformation from the

35



monoclinic structure into the hexagonal structure qualitatively by using operando XRD in
my master thesis [19].

For a quantitative analysis of the results from operando XRD, one would need to
obtain some kind of quantitative relationship between the electrical changes and the
composition — percentage of hexagonal phase — of the material. To be able to quantify
the latter, three different compositions of mixed powder of hexagonal La,0,CO3 and
monoclinic La,0,CO3 were prepared and their XRD patterns were measured. The
results shown in Figure 3.7 exhibit a good linear correlation between the composition
ratio and the peak height ratio which was derived from (3.2)

Peak height ratio: P = I hexagonat (103) / (I nexagonat (103) + I monociinic (031)) (3.2)
where /hexagonal (103) Was the peak height of hexagonal (103) and / monociinic (031) Was the

peak height of monoclinic (031).
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Figure 3.7 Composition ratio vs. Peak height ratio of hexagonal phase
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The fitted correlation line was represented as (3.3)
Composition ratio of the hexagonal phase: C = 2.2552 *P - 0.7205 (3.3)
For the sensor based on monoclinic La,0,CO3 prepared by the condition No.4 in
Table 3.3, Figure 3.8 shows the time variation of the sensor resistance from the initial
value and the transformation ratio : h / (h+m), which was calculated by using the

findings presented in Figure 3.7 and the corresponding equation (3.3).
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Figure 3.8 Time variation of sensor resistance from the initial value
and the transformation ratio: h / (h+m).

The extrapolated resistance change at 100 % in Figure 3.9 is approximately ten,

which is consistent with the results from [19] about the difference in resistance between

monoclinic La;0,CO3 and hexagonal La;0,COs.
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Figure 3.9 Resistance change vs. Ratio of transformation to hexagonal phase.

3.5 Summary and discussion on stabilizing the synthesis
and sensing properties of La;0,CO3

| have reviewed my preliminary study indicating that La oxalate hydrate is a better
precursor for reproducibly synthesizing La,0,CO3; compared to La hydroxide which has
been used in many of previous works; in order to confirm that | explored additional
synthesis conditions and enlarged the statistical basis of my study.

The two additional heat treatments (450°C for 72 hours and 550°C for 72 hours) have
been implemented and the sensors based on six types of material from the six different
heat treatments have been prepared and evaluated. Three of them were hexagonal
La,0,CO3 from La hydroxide and La oxalate hydrate. The other three of them were

monoclinic La,0,CO3 from La oxalate hydrate.
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The sensor signals to CO; were basically the highest at an operating temperature of
300°C. From these results, it was confirmed that 300°C was suitable for the standard
operating temperature. This was consistent with the results from my preliminary study.

Every material exhibited a linear relationship between the sensor signal and the CO,
concentration in a double logarithmic scale. This indicates a power law dependence,
which allows for a fit the calibration curve with:

Sensor signal = B [CO, concentration] ¢ (3.1)
The a corresponds to the slope of the calibration curve in a double logarithmic scale.
The average sensor signals at 1,000ppm CO; and the slope a of the sensors
corresponding to hexagonal structure were higher than those of monoclinic structure,
and the condition No.6 (Starting material = La oxalate hydrate, Heat treatment
conditions = 550°C for 72 hours) was the best in terms of the sensor signal, the slope qa,
and their dispersions.

In order to test the stability, the three day long ageing process was performed. The
resistance of sensors based on monoclinic La,0,CO3 increased by about three times
after the ageing process, while those of hexagonal La,0,CO3; were stable.

From the SEM images, the particles of No.6 were relatively uniform in size compared
to the condition No.5 (Starting material = La oxalate hydrate, Heat treatment conditions
= 500°C for 72 hours), which can lead to the difference in the dispersion of the sensor
signal.

Regarding the heat treatment conditions, it was found that the condition No.6
(Starting material = La oxalate hydrate, Heat treatment conditions = 550°C for 72 hours)
shows the best performance. Accordingly this type of sensor was used as a

representative for La in the subsequent studies.
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4 Material exploration for rare-earth based
chemoresistive CO, sensors

4.1 Material synthesis

According to the previous chapter, the heat treatment of La oxalate hydrate in
ambient air (approximately 20°C 50% r.h. with 400 ppm CO,) is a reproducible method
for synthesizing La oxycarbonate. In order to obtain the other rare-earth oxycarbonates,
heat treatments of the rare-earth organic acid salts hydrate such as the oxalate hydrate
or acetate hydrate were implemented in the same manner as section 2.1.1.

Table 4.1 shows the heat treatment conditions and the obtained materials identified
by XRD. “h”, ’m”, and “c” stand for hexagonal, monoclinic, and cubic structure
respectively. Precursors were the oxalate hydrate or the acetate hydrate depending on
the availability. The XRD patterns of powders highlighted yellow in Table 4.1 are shown
in Figure 4.1-4.3 with the references [34][35][36][37][38].

La formed hexagonal oxycarbonate, monoclinic oxycarbonate, or the mixture of the
two phases. Nd formed monoclinic oxycarbonate under the conditions of 450°C 18h or
500°C 18h. Sm formed monoclinic oxycarbonate only under the conditions of 450°C 18h.
In all other cases, oxides were produced.

Ten types of materials highlighted yellow in Table 4.1 were chosen for the sensor
characterizations. The ten types of sensors were fabricated in the manner described in

section 2.1.2.
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Table 4.1 Heat treatment conditions and obtained materials identified by XRD.

La Ce Nd Sm Gd | Dy | Er | Yb
atomic number— 57 58 60 62 64 66 68 70
Precursor oxalate oxalate acetate acetate oxalate | acetate | oxalate | acetate
Condition hydrate hydrate hydrate hydrate hydrate | hydrate | hydrate | hydrate
550°C 72h La;0,CO3(h) | CeOy(c)| Nd;O5(c+h) Sm;03(c) | Gd,03(c) Dy20s(c)| Er,03(c)| Yb,Os5(c)
550°C 18h |La;0,CO3(m+h)| CeO,(c)| NdOs(c+h)
SN
500°C 72h La;0,C0O5(h) Ne Nd;O5(c+h)
N\,
500°C 18h La,0,CO3(m) Nd;0,CO3(m)| Smy03(c) |Gd,03(c) Dy.Os(c)
450°C 72h La,0,CO3(m) Sm,03(c)
450°C 18h La,0,CO3(m) | CeOy(c) | Nd,O,CO3(m) | Smy0,CO43(m)|Gd,0O5(c)| Dy,0s(c) Yb,03(c)

h=hexagonal, m=monoclinic, c=cubic

41




Irel.
1000

800

Irel.
1000

(a) La oxalate hydrate 550°C 72h

800 —

600

400

200

(b) La oxalate hydrate 450°C 18h

Irel.
1000

T T T
500
600

c) Nd acetate hydrate 450°C 18h

WMM\!\MNW

Irel.

800

600

1000

400
QODM
f

(d) Sm acetate hydrate 450°C 18h

ity [abg-]
o o
o o

N
o
o

N
o
o

Relative intensit

o

——La oxycarbonate(monoclinic)

| —La oxycarbonate(hexagonal)

|

(e) References

-
o

(starting material :

15 20 25

30

35
26/ degree

1 ‘ LI

40 45 50 55

Figure 4.1 XRD patterns of powders after heat treatment.
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4.2 Sensor signal to CO,

Figure 4.4 and Figure 4.5 show the variations of sensor signals with CO,
concentration and the sensor signals at 1,000ppm CO,, respectively, for the 10 types of
materials. The measuring conditions were 20°C 50% r.h. at an operating temperature of
300°C.

All materials, except for CeO, and Nd»O3, were sensitive to CO,. Among the
oxycarbonates, the sensor signal of La was the highest. One can remark that the sensor
signal at 1,000ppm CO; of the oxycarbonates decreases with the increase of the atomic
number, and the sensor signal of the oxides increases until Gd and then decreases with
the increase of the atomic number. In the case of the two elements which formed both
oxycarbonates and oxides, Nd oxycarbonate was much better than Nd oxide, but Sm
oxycarbonate and Sm oxide were approximately the same. CeO, and Nd,O3; were

eliminated from the subsequent studies because of their poor sensor signal.
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Figure 4.4 Sensor signal vs. CO; concentration [39].
(20°C 50% r.h., operating temperature =300°C)
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Figure 4.5 Sensor signals at 1,000 ppm CO; in order of the atomic number [39][40].
(20°C 50% r.h., operating temperature =300°C)

4.3 Stability

In order to test the stability of the CO; sensitive materials, the standard ageing
process was performed in the same manner as shown in section 3.2.2. Figure 4.6
shows the relative change of CO; sensing properties after the ageing process.

All sensors, except for monoclinic Nd oxycarbonate, were stable during the ageing
process. The sensor resistance and sensor signal of Nd oxycarbonate decreased
significantly indicating that Nd oxycarbonate is not stable and can be transformed into

the oxide. Accordingly Nd oxycarbonate was eliminated from the further evaluations.
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Figure 4.6 Change of CO; sensing properties after ageing process, (a) Change in
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4.4 Influence of humidity

The variations of sensor resistance with CO, concentration for three humidity
conditions were measured. Figure 4.7 shows the results for (a) La,0,COs3, (b)
Sm,0,CO;3, (c) SM,03, (d) Gd203, (e) Dy,O3 and (f) Yb203. In all cases, the sensor
resistance at a certain CO, concentration decreased with the increase of humidity.
However, the slopes were almost the same among the three humidity conditions

indicating that the influence of humidity on the sensitivity to CO; is small.
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4.5 Selectivity and Sensitivity up to 10,000ppm CO>

The selectivity and sensitivity up to 10,000ppm CO, were evaluated using all
remaining sensors in the manner described as 2.2.1.3. Figure 4.8 shows the Sensor
signals at 400ppm of CO2, 100ppm of ethanol (EtOH), CO, and H,. 400 ppm CO; is the
minimum value in a normal atmosphere and 100ppm of ethanol, CO, and H; are more
than the maximum values in the normal atmosphere. All materials were sensitive to
ethanol and CO, but in all cases the sensor signals at 400ppm CO, were higher than the
sensor signals at 100ppm of ethanol and CO. Moreover, none of the sensors were
sensitive to Hy. These results indicate good selectivity.

Figure 4.9 shows the dependencies of the sensor signal on the concentrations of
CO,, ethanol, CO, and H; for (a) La,0,CO3, (b) Sm,0,CO3, (c) Sm0,CO3, (d) Gd20s,
(e) Dy203 and (f) Yb2Os. All of them exhibit good linearity up to 10,000 ppm of CO, on a
double logarithmic scale and hexagonal La oxycarbonate was the best among them

from the point view of selectivity and sensitivity corresponding to the slope.
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Figure 4.8 Sensor signals at 400ppm of CO,, 100ppm of ethanol (EtOH), CO, and H>

for L8202003, SmQOQCO;;, Sm203, Gd203, Dy203, Er203, and Yb203 [39].
(20°C 50% r.h., operating temperature = 300°C)
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4.6 Summary and discussion on the material exploration
for rare-earth based chemoresistive CO, sensors

| have tried to synthesize rare-earth oxycarbonates by heat treatment in ambient air
(approximately 20°C 50% r.h. with 400 ppm CO,) from the oxalate hydrate or the
acetate hydrate. As a result, La, Nd and Sm formed oxycarbonates. In all other cases,
oxides were produced. Among the oxides, Ce formed dioxide CeO,, the other elements
formed sesquioxides Ln,O3 (Ln = Nd, Sm, Gd, Dy, Er, and Yb). The crystal structure of
Nd,O3; was a mixture of cubic and hexagonal, while the other oxides crystalized in cubic
structure. These results are good accordance with the phase diagrams of the rare earth
sesquioxide polymorphs in [41][42].

Ten types of materials, rare-earth oxycarbonate Ln,O,CO3 (Ln = La, Nd, and Sm) and
rare-earth oxides Ln,O3 (Ln = Nd, Sm, Gd, Dy, Er, and Yb) and LnO, (Ln = Ce), were
chosen for the sensor evaluations.

All the materials, with the exception of CeO, and Nd»O3, were sensitive to CO.. Itis
remarkable that rare-earth oxides Ln2O3 (Ln = Sm, Gd, Dy, Er, and Yb) crystalizing in
cubic structure exhibited a chemoresistive effect for CO,. These results are new findings
exploding the indication in [15] that CO; sensing is linked to the formation of the
oxycarbonate phase.

Among the CO; sensitive materials, only Nd oxycarbonate was not stable. It is
thought that Nd oxycarbonate was transformed into the oxide. All others exhibited
sufficient properties for practical use in terms of the stability, influence of humidity,
selectivity, and the linearity of sensitivity up to 10,000ppm CO..

There was a trend that the sensor signal, sensitivity, and selectivity of the

oxycarbonates decreased with increasing the atomic number of the rare-earth, and

51



those of the oxides increased until Gd and then decreased with increasing the atomic
number. La oxycarbonate (hexagonal) was the best among all of them. Concerning the
trend with atomic number of rare-earth elements, there are a lot of reports
[43][44][45][46][47][48][49] investigating systematically the properties of rare-earth
oxides in terms of the melting point, lattice parameter, band gap, dissociation enthalpies,
first ionization potential, standard Gibbs energy of the formation, electrical conductivity,
and so on. The trend of dissociation enthalpies of lanthanoid oxides and ions shown in
[43] is similar to that of sensor signal at 1,000 ppm CO, shown in Figure 4.5, which can
be a clue to clarify the cause of the difference in sensitivity depending on the rare-earth

element, and to develop a better sensing material.

52



5 Basic understanding of the sensing
mechanism

5.1 Overview

For basic understanding of the sensing mechanism, | have conducted comprehensive
and systematic operando characterization. Specifically, the results from AC impedance
spectroscopy, Work function, XRD, and DRIFTS have been obtained mainly for the best
performing hexagonal La oxycarbonate (La,O,CO3) under actual gas sensing
conditions, leading to clarify the mechanism of the electrical conduction and the CO,

sensing.

5.2 Operando AC impedance spectroscopy

5.2.1 Variation of Cole-Cole plot with CO, concentration

AC impedance spectroscopy of hexagonal La,0,CO3; based sensor was measured in
humid air with varying CO, concentration at the standard operating temperature of
300°C.

Figure 5.1 shows the Cole-Cole plots of the results in a complex plane. In Figure 5.1,
the points show the experimental results for six CO, conditions and the lines are fitted
results using the equivalent circuit, assuming a general semi-conductive polycrystalline
material, where grain-grain boundaries or grain-electrode boundaries can form space
charge regions as described in section 2.3.2. The data appeared well fit.

Figure 5.2 shows the CO, dependency of the fitted parameters corresponding to the

results in Figure 5.1. Figure 5.3 shows the variation of R, with CO, concentration on a
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double logarithmic scale. R, (n=1-3), C4, and CPE, (m=1-2) represent the resistances,
the capacitance and capacitances of Constant Phase Element in Figure 2.12. The p
values of CPE; were around 0.8, and p values of CPE; were between 0.5 and 0.7. C4
and R1 were almost constant and much smaller than the others. R, was bigger than Ra
by almost one order of magnitude, and the CO, dependency followed the power law.
This indicates that the parallel combination of R;*CPE; is the dominant contribution

corresponding to electronic conduction depending on the band bending.
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Figure 5.1 Variation of Cole-Cole plot with CO, concentration
for hexagonal La,0O,CO3; based sensor.
(20 °C 50 % r.h., operating temperature = 300°C)
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Figure 5.3 Rz vs. CO; concentration in a double logarithmic scale.
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5.2.2 Cole-Cole plots for three different types of electrodes

Figure 5.4 shows the Cole-Cole plots for hexagonal La,0,CO3 based sensors using
three different types of electrodes when they were operated at 300 °C with 400 ppm CO;
exposure in humid air. The humidity condition was 20°C 50 % r.h.. The Z* was relative
impedance normalized by the maximum value of - Im Z of each electrode type. Each of
electrodes possessed the similar interdigitated shape as shown in Figure 2.2 with a
different dimension shown in Table 5.1. Electrode A is standard one in this work and the
plots is identical to the corresponding plots in Figure 5.1. There were two half-circles in
Figure 5.4, where the first one corresponding to the higher frequencies was larger than
the depressed second one corresponding to the lower frequencies, and the portion of
the second half-circle depended on the electrode dimension. This indicates that the
second half-circle originates from grain-electrode boundaries and the first half-circle
originates from grain-grain boundaries, which form space charge regions and band
vending leading to the dominant contribution in resistance change.

From these results, the hypotheses that the dominant charge carriers are electronic in
nature (electrons or holes) and that the conduction mechanism is controlled by the band
bending at the grain-grain boundaries, which depends on the composition of the ambient

atmosphere, seem to be valid.
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Figure 5.4 Cole-Cole plots for hexagonal La,0,CO3 based sensors
using three different types of electrodes.
(20 °C 50 % r.h. + 400 ppm CO,, operating temperature = 300°C)

Table 5.1 Dimensions of the three types of electrodes.

No. Type Gap between fingers Number of fingers
electrode A
1 (standard) 10 um 260
electrode B 30 um 86
electrode C 100 um 25
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5.3 Operando Work function measurement

Contact Potential Difference (CPD) and DC resistance of hexagonal La,0,CO3 based

sensor were measured simultaneously under the operating conditions using the Kelvin

probe method as described in section 2.3.3. The results from AC impedance

spectroscopy allow us to adopt the procedure described in section 2.3.3 to derive the

band bending eAVs and electron affinity change Ay separately.

5.3.1 Influence of H,O exposure

Figure 5.5 shows the variations of CPD and DC resistance with humidity, which lead

to the variations of 4@, eAVs, and Ay with humidity as shown in Figure 5.6.

The variation of 4y with humidity at 1,000ppm CO, was much smaller than that at 0

ppm CO, and almost zero.
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Figure 5.5 Variations of CPD and DC resistance with CO, concentration.
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Figure 5.6 Variations of 4@, eAV;, and Ay with H,O concentration.

5.3.2 Influence of CO, exposure

Figure 5.7 and Figure 5.8 show the variations of CPD and DC resistance with CO;
concentration, and the variations of A®, eAVs, and Ay with CO, concentration
respectively.

The variation of DC resistance with CO, concentration at 0 % r.h. was smaller than
those at other humidity conditions, and then CO, dependency of Ay in dry condition was
higher than that in wet condition. The variations of 4y with CO, concentration in wet

three conditions were almost the same.
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Figure 5.8 Variations of 4@, eAV;, and Ay with CO, concentration.

5.3.3 Comparison among the three gas exposure conditions

Influence of CO, exposure on Ay is much larger than that of H,O, and CO»

dependency of Ay in dry condition was higher than that in wet condition. The question is

what causes the change in y, depending on the atmospheric conditions. Electron affinity

x is basically related to the dipoles from surface adsorbate species, which will be

identified in section 5.5.
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5.4 Operando XRD

XRD and DC resistance of hexagonal La,0,CO3; based sensor were measured
simultaneously under the operating conditions as described in section 2.3.1. In addition,
those of Gd,0O3 based sensor, which was the most sensitive to CO, among the rare-

earth oxides, were also measured in the same manner as hexagonal La,0,COs.

5.4.1 Time chart of gas flow and DC resistance

Figure 5.9 shows the time chart of gas flow and the corresponding DC resistance
changes of the sensors. The DC resistance change was normalized by the resistance at
time point 1.0 hour for each sensor. The carrier gas was clean dry air without CO,
throughout the experiment, therefore there was a clean dry air flow between time point 0
and 1 hour. The resistances of both sensors decreased with increasing humidity, and
increased with increasing CO, concentration. The change in resistance of hexagonal

La;0,C0O3 was larger than that of Gd,Os.

5.4.2 XRD patterns

Figure 5.10 and Figure 5.11 show the XRD patterns for hexagonal La,0,CO3; and
Gd,0O3 based sensors respectively. The patterns in Figure 5.10 and Figure 5.11 were
assignable to La,0,CO3 (hexagonal), Gd2Os3 (cubic), and Al,O3; (corundum) owing to the
substrate, and exhibited no change in terms of formation of new peaks and the position
shifts, indicating that there was no change in the grain bulk, such as the transformation

and the change in lattice parameter.
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Figure 5.10 XRD patterns for hexagonal La;O,CO3; based sensor.
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5.5 Operando DRIFTS

DRIFTS and DC resistance of hexagonal La,0,CO3 based sensor and the rare-earth
oxides (CeO2, Nd203, Sm,03, Gd,03, Dy,03, Er,0O3, and Yb,03) were measured

simultaneously under the operating conditions as described in section 2.3.4.

5.5.1 Influence of CO, and H,O exposure
on hexagonal La;0,CO3

Three kinds of experiments were performed using a hexagonal La,0,CO3; based
sensor at the operating temperature of 300 °C, in only humidity, only CO,, and in both
conditions. In the first experiment, humidity was changed stepwise from 0 to 2% and
then, to 10% ( Figure 5.12 (a) ). In the second experiment, CO, concentration was
changed stepwise from 0 to 400ppm, and then to 2000ppm ( Figure 5.12 (b) ). In the
third experiment, humidity was maintained constant at 10%, and CO, concentration was

changed stepwise from 0 to 400ppm and to 2000ppm ( Figure 5.12 (c) ).

5.5.1.1 Time variation of DC resistance and DRIFTS

Figure 5.12 shows the time variation of DC resistance. The sensor resistance
decreased with increasing humidity, and increased with increasing CO, concentration.

Figure 5.13, Figure 5.15, Figure 5.17 show the single channel spectra for H,O
exposure, CO, exposure in dry condition, and CO, exposure in wet condition
respectively. Figure 5.14, Figure 5.16, Figure 5.18 show the time variations of

absorbance spectrum for H,O exposure, CO, exposure in dry condition, and CO,
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exposure in wet condition respectively. Every reference spectrum was measured just
before time point 0.

To compare between the time variation of DC resistance and those of absorbance
spectra, these peaks or dips changed corresponding to the time variation of sensor
resistance. The DC resistance in Figure 5.12 (a) decreased rapidly just after H,O
exposure and levelled off within 1 hour, while peak A, B, E, and H increased and dip D,
F, G, and | in Figure 5.14 decreased rapidly just after H,O exposure and levelled off
within 1 hour. The correlation can also be seen in the case of CO, exposure in dry and

wet conditions.
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Figure 5.12 Time variations of gas flow and DC resistance.
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5.5.1.2 Comparison among the three gas exposure conditions

The absorbance spectra for three gas exposure conditions are summarized in Figure
5.19 and Table 5.2. All peaks and dips are listed in there. The peaks can be categorized
into three groups except for peak As. In the first group including peak A, D and G, the
peaks increased with H,O exposure and decreased with CO, exposure. In the second
group including peak E, F and H, the peaks increased with CO, exposure and
decreased with H,O exposure. In the third group including peak B, the peaks increased
with CO, exposure and remained unchanged with H,O exposure. There seems to be a

competitive relation between the first group and the second group.
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Figure 5.19 Comparison of absorbance spectra for three gas exposure conditions.
(at time point 48 hour in each experiment)
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Table 5.2 Summary of absorbance spectra for three gas exposure conditions.
(Peak 1 or dip | positions and their relative strength.)

Peak or dip H,O exposure CO, exposure (dry) | CO, exposure (wet)
A 3668 !
A 3648 "1 3645 ! 3646 L
As 3587 T 3610 ! 3587 L
A 3546 T 3545 ! 3549 L
As 3503 0 3507 0 3502 0
B, 2363 ™M 2363 "1
B, 2332 ™M 2332 "1
Cq 1599 1 1599 71
C, 1564 LIl 1564 ™M 1560 T
D, 1527 "1 1527 Ll 1527 L
D, 1483 " 1483 ! 1483 i
D; 1436 0 1445 ! 1441 !
E, . 1376 M1 1376 "1
E, 1352 L 1344 M1 1343 "1
Es 1322 L 1291 M1 1291 "1
Fi 1056 " 1069 "
Fs 1046 L 1039 " 1046 "
Fs 1006 " 1010 "
Gy 923 " 925 Ll 925 i
G, 896 " 896 i
H, 860 i 860 " 860 ™
H, 844 L 844 " 844 0

unit: cm”

The number of arrows represents the relative strength;
strong: 111 > medium: 11 > weak: 1.
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5.5.2 Isotopic gas exchange experiment and peak assignment
for hexagonal La;0,CO3

In order to eliminate the artifacts and assign the peaks, isotopic gas exchange
experiments were performed using *CO; and D,0. The gas flow was shown in Figure
5.20 (a), (b). The carrier gas was clean dry air without CO,. The operating temperature
was 300 °C.

Figure 5.20 (c) shows the time variation of DC resistance indicating that the DC
resistance decreased with increasing humidity and increased with increasing CO,
concentration as the same as the preceding experiment, and was not influenced by the
isotopic gas exchanges even though there was a small dip at time point 18 hours
because of the lag time for changing the gas.

Figure 5.21 shows the comparison of absorbance spectra for three gas exposure
conditions, (1) 400 ppm COz in dry air, (2) 10 % r.h., (3) 400ppm in 10 % r.h. air. The
spectra were measured just before time point 6 hours, 12 hours, and 18 hours,
respectively. The reference spectrum for (1) and (2) was measured just before time
point 0. The reference spectrum for (3) was measured just before time point 12 hours.
The spectra were basically the same as Figure 5.19 in terms of peak pattern and
position.

Figure 5.22 shows the absorbance spectrum for the condition (3) and difference
spectra for isotopic gas exchanges, (4) ?CO, - *C0O; and (5) H,0 - D,0. The

difference spectra were derived from the following equations (5.1) and (5.2).

Difference (4) = — log (M> (5.1)

SC 12¢0;

Difference (5) = —log (M> (5.2)

SCpy0
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where every single channel spectra (SC) was measured during the last 15 minutes of
each exposure. With respect to the isotopic gas exchange of CO,, peak B, C, E, F, and
H were shifted to a lower wavenumber adjacent to the initial position, and peak A, D,
and G remained unchanged. With respect to the isotopic gas exchange of water, only
peak A was shifted to the lower wavenumber around 2,600 cm™, and there were small
peaks at the position of E and H, which are thought to be the continuous shifts owing to
the isotopic gas exchange of CO.. It is thought that peak D and G were artifacts
because there was no change during the isotopic gas exchange.

The results of isotopic gas exchange experiment are summarized in Table 5.3, where
the wavenumbers of all peaks and dips including shoulders, and the shift factor defined
as the ratio of the wave numbers between before and after the isotopic exchange, are
shown.

According to [50][51][52][53], the presence of isolated hydroxyl groups at the surface
is indicated by the appearance of sharp bands between 3750 and 3450 cm™, while
bridged (interacting) hydroxyls cause broad bands between 3600 and 2500 cm™'. The
shift factor of A through A4 were 0.733 -0.735, which are close to the theoretical value
of O-H vibration, 0.728 [54][55]. The shift of As was not clear. From these results, peak A
is assignable to hydroxyl groups. The further research is needed to assign them in more
detail so as to distinguish among the isolated, rooted, and interacting species.

Peak B is assignable to gaseous CO; according to [56][57]. The results that a peak
emerged only during CO, exposure and the shift factor of B; and B, was the same as
theoretical value of C=0 vibration, 0.972 [54] [55], are supportable.

Regarding peak C, E, F, and H, the single channel spectra, the absorbance spectra,

the difference spectra for the isotopic gas exchange of CO,, and carbonate bands from
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the literature [55][58][59][60][61] are shown in Figure 5.23. Schematic representation of
different carbonate related species is shown in Figure 5.24. It is reasonable to assume
that these peaks are assignable to a mixture of carbonate species with several vibration
modes, most probably, unidentate carbonate, bidentate carbonate, and bridged
carbonate. The shifts of E;, F4, F2, and F3 were small. It may be owing to the symmetry
of the vibration as reported in [58].

In addition, it is noticeable that there were no peaks shifted twice with the both
isotopic gas exchanges of CO, and water, indicating that there was no formation of such

species including both OH and CO as bicarbonates.

5.5.3 Comparison with work function measurement

To compare with Ay from the work function measurements, the absorbance spectra
and the variations of electron affinity Ay for three gas exposure conditions are
summarized in Table 5.4 and Figure 5.25. In the case of humidity exposure, hydroxyl
groups increased and carbonate decreased, and the 4y is small. In the case of CO,
exposure in the dry condition, hydroxyl groups decreased slightly and carbonate
increased, and the 4y is large. In the case of CO, exposure in the wet condition,
hydroxyl groups decreased and carbonate increased, and the Ay is smaller than in the
2nd case. There seem to be a good correlation between the absorbance spectra and Ay,
indicating that sum of the surface adsorbates are responsible for the change of the

concentration of dipoles.
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Figure 5.21 Comparison of absorbance spectra for three gas exposure conditions.

78



Absorbance [a.u.]

Absorbance [a.u.]

E
0.1
(3) 400ppm 12CO, (10%rh)
C
0
(4) 12C0,—3CO,
-0.1 — — e L = A
4000 / 3500 3000 2500 2000 1500 1000 500
A Wavenumber/ cm !
[AA AAA _€LDD, EEE, 7 FF, Fy Gy GyHiH,
0
\ﬁ\f_ 01 |
0.05 |
0.05
3
[+
s D, g 0
] &
5 0 3
0 N
3 2
< Q
<
-0.1 : -0.05 . T -0.05 : :
3800 3600 3400 1600 1400 1200 1100 1000 900 800
Wavenumber /cm -1 Wavenumber /cm -1 Wavenumber /cm -1

Figure 5.22

Difference spectra for isotopic gas exchanges.
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Table 5.3 Summary of isotopic gas exchange experiment for La,0,COs.
(Peak 1 or dip | positions and their relative strength.)

Peak (1 ) 3) (4) (5)
or | 400ppm CO, 10 % r.h. 400ppm CO, |"?C0,—-*C0O, |H,0—H,0 Assignment
dip (dry) (10 % r.h.) shift shift
Aq 3668 l 3675 1 3675 l 2700 |0.735
A 3647 l 3647 0 3647 1l 2682 |0.735
hydroxyl group
A; 3610 ! 3585 M1 3585 Ll 2636 |0.735
A 3578 l 3567 ™1 3567 1l 2615 |[0.733
As 3507 1 3505 1 3505 1 not clear
B4 2363 M 2363 M| 2296 |0.972
gaseous CO,

B, 2332 M 2332 M| 2267 |0.972
Cq 1598 T 1588 L 1593 1| 1526 | 0.958

carbonate
C, 1560 0 1560 1l 1560 M 1485 |0.952
D, 1531 Ul 1528 0 1526 1
D, 1483 l 1481 1 1483 l artifact
Ds
E; 1376 " 1375 i 1376 0 1332 | 0.968
E, 1322 "M 1322 Ll 1318 M1 1313 | 0.996
E; 1292 M 1292 M| 1261 0.976

carbonate
F4 1076 0 1066 Ul 1076 " 1062 |0.987
Fo 1055 0 1047 Ul 1047 " 1038 | 0.991
Fs 1006 " 1011 L 1010 0 995 0.985
Gy 935 U 935 0 935 1 .

artifact

G, 895 U 895 0 895 1
H, 864 0 864 Ul 864 " 833 0.964

carbonate
H, 842 0 842 Ul 842 " 825 0.980

unit : cm™

The number of arrows represents the relative strength;
strong: 111 > medium: 11 > weak: 1.
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Table 5.4 Summary of absorbance spectra for three gas exposure conditions.
(Peak 1 or dip | positions and their relative strength.)

(a)H,O exposure | (b) CO, exposure | (¢c) CO, exposure
in dry condition in wet condition
10 % r.h. 10 % r.h. :
assignment
400ppm CO, 400 ppm CO,
3675 0 3668 ! 3675 !
3647 " 3647 ! 3647 L
3585 111 | 3610 | 3585 || | Yarowlgroup
3567 111 3578 ! 3567 11
1588 Ll 1598 71 1593 "1
1560 || 1560 11 1560  pp | caronate
1375 Ll 1376 " 1376 "
1322 L 1322 ™ 1318 ™
1292 ) 1292 T
1066 || 1076 11 1076 pp | carponate
1047 Ll 1055 " 1047 "
1011 Ll 1006 " 1010 "
864 Ll 864 " 864 ™M
842 1l 842 11 842 pp | carbonate
unit : cm™

The number of arrows represents the relative strength;
strong: 111 > medium: 11 > weak: 1.
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Figure 5.25 Variation of electron affinity Ay for three gas exposure conditions.
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5.5.4 DRIFTS for rare-earth oxides

DRIFTS’s for rare-earth oxides, such as CeOz, Nd203, Sm,03, Gd,03, Dy203, Er,Os3,
and Yb,0O3, have been measured in the same manner presented in section 5.5.2. The
absorbance spectra for three gas exposure conditions and the difference spectra for
isotopic gas exchanges are shown in Figure 5.26 and Figure 5.27, with a comparison to
hexagonal La,O,COg3, which are identical to Figure 5.21 and Figure 5.22.

In Figure 5.26, the absorbance spectra for the rare-earth oxides were similar to those
for hexagonal La,0,CO3 and basically composed of 6 peaks, peak A due to hydroxyl
groups, peak B due to gaseous CO,, and peaks C through H due to carbonate species
(unidentate or bidentate), where there seems to be competitive relations between the
peak A and peaks C through H. It is thought that the formation of carbonates or hydroxyl
groups on the surface is linked to the CO;, sensing. The peaks C through H were simpler
without any branches, which were found for hexagonal La,0,COs3, indicating a single
adsorbate specie. The peak pattern varied in the specific shape and position for the
different the rare-earth elements. Especially for CeO,, the peak patterns were different
from the others to the extent that the peak A exhibited a sharp bump and the peak C
and peak E were unified.

As shown in Figure 5.27, the difference spectra for the isotopic gas exchanges were
also similar to those recorded for hexagonal La;O,COs3 so that every peak A around
3,500 cm™ was shifted to around 2,600 cm™, and every peak B through H were shifted
to a lower wavenumber adjacent to the initial one, and every peak F exhibits very small
or no shift.

As also observed for the sensor signal to CO,, CeO, exhibited the most different

spectral characteristics from the other oxides as mentioned above, which can lead to the
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lower sensor signal. In the case of Nd,O3, the spectra were quite similar to the other
oxides exhibiting a higher sensor signal so that the lower sensor signal of Nd,O3 cannot

be explained by DRIFTS results.
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5.6 Summary and discussion
on basic understanding of the sensing mechanism

For the first time a comprehensive and systematic operando characterization has
been performed with the goal to understand the CO, the sensing mechanism of rare-
earth based materials. The results from AC impedance spectroscopy, Work function,
XRD, and DRIFTS obtained for the best performing material — hexagonal La
oxycarbonate (La,0,CO3) — in actual gas sensing conditions, allowed to clarify the
mechanism of the electrical conduction and the CO; sensing. They were completed with
results obtained on a selection of additional materials. In more detail:

The AC impedance spectroscopy for hexagonal La,0,CO3; has revealed that
electronic conduction was dominant in the sensor resistance and the variation of sensor
resistance follows the power law owing to the band bending at grain-grain boundaries.
No ionic conduction was identified and the electronic contribution from grain-electrode
boundaries and grain bulk was much smaller than grain-grain boundaries.

The work function change up to approximately 0.6 eV and electron affinity change Ay
have been observed for hexagonal La,0,CO3 with varying the CO, concentration or
humidity, which indicates the existence of the dipoles from surface adsorbate species.
Influence of CO, exposure on electron 4y is much larger than that of H,O, and CO;
dependency of 4y in dry condition was higher than that in wet condition.

The XRD for hexagonal La,0,CO3; and Gd,Os3 indicates that there was no change in
the bulk such as the transformation and the change in lattice parameter when the sensor
resistance changed with varying CO, concentration or humidity. These results were

consistent with those from the AC impedance spectroscopy.
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The DRIFTS results for hexagonal La,0,CO3; and the rare-earth oxides (Sm,Os3,
Gd,03, Dy203, Er,0O3, and Yb,03) demonstrate that the absorbance spectrum reflecting
the competitive adsorption between carbonates and hydroxyl groups can be correlated
with the variation of the sensor resistance, and that the formation of carbonates during
CO, exposure was linked to the increase in resistance and the formation of hydroxyl
groups was linked to the decrease in resistance. As for hexagonal La,0,COs3, the
correlation between DRIFTS and 4y from the work function measurement was
ascertained. Further studies are needed to identify the adsorbates in more detail and to
clarify what causes the difference in sensitivity between the different materials.

Regarding the sensing mechanism, it seems reasonable to conclude that there is the
competitive adsorption between carbonates and hydroxyl groups on the surface of rare-
earth based CO; sensitive material, which changes the band bending at grain-grain
boundaries of the material according to CO, concentration, resulting in the change in

sensor resistance.
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6 Summary and conclusion

6.1 Stabilizing the synthesis and sensing properties of La,0,CO3

| have optimized the heat treatment conditions for stabilizing the synthesis and
sensing properties of La,0,CO3 by preparing and evaluating the sensors based on six
types of material from the six different heat treatments. Three of them were hexagonal
La,0,C0O3 from La hydroxide and La oxalate hydrate. The other three of them were
monoclinic La,0,CO3 from La oxalate hydrate.

From the results of the sensor evaluation, it has been confirmed that 300°C is suitable
for the standard operating temperature and that the hexagonal structure possesses a
higher sensitivity and stability than the monoclinic structure and No.6 (Starting material =
La oxalate hydrate, Heat treatment conditions = 550°C for 72 hours) is the optimal

conditions.

6.2 Material exploration
for rare-earth based chemoresistive CO, sensors

| have synthesized rare-earth oxycarbonate Ln,O,CO3 (Ln = La, Nd, and Sm) and
rare-earth oxides Ln,O3 (Ln = Nd, Sm, Gd, Dy, Er, and Yb) and LnO; (Ln = Ce) by heat
treatments in air from the oxalate hydrate or the acetate hydrate.

All the materials, with the exception of CeO, and Nd,O3;, were sensitive to CO.. It is
remarkable that rare-earth oxides Ln,O3; (Ln = Sm, Gd, Dy, Er, and Yb) crystalizing in
cubic structure exhibited a chemoresistive effect for CO,. These results are new

findings.
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Among the CO; sensitive materials, only Nd,O,CO3 was not stable. It is thought that
Nd,0,CO3 was transformed into the oxide. All others proved sufficient for practical use
in terms of the stability, influence of humidity, selectivity, and the linearity of sensor

signal up to 10,000 ppm. Hexagonal La,0,COs; is the best among them.

6.3 Basic understanding of the sensing mechanism

| have conducted comprehensive and systematic operando characterization to
understand the CO, the sensing mechanism of rare-earth based materials for the first
time. Specifically, the results from AC impedance spectroscopy, Work function, XRD,
and DRIFTS have been obtained mainly for the best performing hexagonal La,0,CO3
under actual gas sensing conditions.

The AC impedance spectroscopy for hexagonal La,O,CO3 has revealed that
electronic conduction was dominant in the sensor resistance and the variation of sensor
resistance follows the power law owing to the band bending at grain-grain boundaries.
No ionic conduction was identified in the experiments.

The work function measurements for hexagonal La,O,CO3 indicate the existence of
the dipoles from surface adsorbate species and that influence of CO, exposure on
electron affinity change 4y was much larger than that of H,O, and CO, dependency of 4y
in dry condition was higher than that in wet condition.

The XRD for hexagonal La,0,CO3; and Gd,Oj3 indicates that there was no change in
the bulk such as the transformation and the change in lattice parameter when the sensor
resistance changed with varying CO, concentration or humidity. These results were

consistent with those from the AC impedance spectroscopy.

93



The DRIFTS for hexagonal La,O,COg3 and the rare-earth oxides (Sm,03, Gd,Os3,
Dy»03, Er,O3, and Yb,03) demonstrates that the absorbance spectrum reflecting the
competitive adsorption between carbonates and hydroxyl groups was correlated with the
variation of the sensor resistance.

Regarding the sensing mechanism, it seems reasonable to conclude that there is the
competitive adsorption between carbonates and hydroxyl groups on the surface of rare-
earth based CO; sensitive material, which varies the band bending at grain-grain
boundaries of the material according to CO, concentration, resulting in the change in

sensor resistance.
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