Au thin-film electrodes based potentiometric CO, sensor using Li;PO,4 as both
the reference material and the solid electrolyte
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Thin-film Au electrodes prepared by magnetron sputtering method were used to develop a potentiometric CO, gas sensor. The thermal
evaporated LisPO,4 played the role of electrolyte and sensing material. This design can simplify the fabrication process compared with the
conventional solid electrolyte potentiometric CO, sensor (c-sensor) and improve the performance compared with the thick-film Au
electrodes sensor (t-sensor). The designed CO, sensor (d-sensor) presented good response characteristics at the CO, concentration range of
250-2500 ppm and the electromotive force (EMF), AEMF/dec, response and recovery time were investigated. The EMF values of the
sensor were linearly dependent on logarithm of CO, partial pressure at the working temperatures between 420°C and 500°C. The d-sensor
showed a sensitivity of 79.1-93.7 mV/dec at working temperatures range of 420-500°C which was much higher than the sensitivities of
c-sensor and the t-sensor. The response and recovery time of the fabricated sensors were 10 and 14 s at working temperature of 500°C,
respectively. The surface morphology of Au thin films was considered to increase the three-phase interface area and be good for the
reaction gases to diffuse from Au film to lithium phosphate, allowing rapid chemical reaction equilibrium, getting a more stable EMF output.

1. Introduction: In recent decades, especially since the industrial
revolution, the concentration of carbon dioxide in the atmosphere
has increased approximately by 30% due to vehicle emissions
and the burning of fossil fuels [1]. Because of rapid increase of
carbon concentration and fast deterioration of people’s living
environments, requirement for the detection and control of carbon
dioxide has been increasing. So far, many types of carbon
dioxide sensors have been reported, including infrared [2],
capacitive [3], resistive [4] and solid electrolyte [5—19]. Solid
electrolyte type sensor based on electrochemical principle has
been widely studied due to its higher sensitivity, selectivity and
lower power consumption. Therefore, various kinds of
electrolytes have been used to fabricate CO, sensors, including
YSZ [7], NASICON [8], LaF [3, 9], LisPO, [10-12], and lithium
phosphorous oxynitride [13]. Among them, CO, sensors based on
Li;PO, are promising due to their faster response and lower water
reactive nature than any other alkali ion conducting materials [14].

However, solid electrolyte CO, sensor based on Li;PO,4 always
presents a lower sensitivity (AEMF/dec) than the theoretical value
[15]. So far, researchers have tried many methods to improve
sensor’s sensitivity. When the polished alumina substrate was
used in Li Peng’s paper, the sensitivity of fabricated sensor was
55 mV/dec compared with 45 mV/dec on roughness substrate at
500°C operating temperature [16]. However, the improved sensitiv-
ity was still far less than the theoretical value. The relationship
between the thickness of the electrolyte and the sensitivity of the
sensor has been investigated [15]. When the thickness of Liz;PO,
thin film was 1.2 um, a sensitivity of 61 mV/dec has been obtained
at 500°C operating temperature, which was about 80% of the theor-
etical value. The deviation of sensitivity can contribute to different
compositions of c-sensor usually cannot achieve ideal activation
energy state at the same temperature. In order to reduce the reaction
area and simplify the fabrication process, some researchers reported
that the reference material can be omitted. According to Lee et al.,
[17] lithium phosphate can serve as both the reference and the solid
electrolyte material. In the structure of the proposed sensor, the Au
electrodes for reference side and sensing side were screen-printed
and fired at 700-800°C. Furthermore, a Li-ion based stacked-type
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potentiometric solid-state sensor using thick Au film has been
designed and fabricated to reduce the active area and simplify the
fabrication process [18]. As discussed above, the thickness of the
Au electrodes fabricated by thick-film technology was few micro-
metres. In order to further improve the performance of the sensor,
an Au thin film electrodes based CO, sensor was proposed in this
Letter.

In this Letter, we designed an Au thin-film based CO, sensor.
Li3PO, film fabricated by thermal evaporation method played the
role of solid electrolyte and reference material. Au thin film electro-
des were prepared by sputtering method with thickness of few
hundred nanometres. The sensing electrode was fabricated by
screen printing method. The electromotive force (EMF), AEMF/
dec, response and recovery time were investigated at various
temperatures and gas concentrations.

2. Experimental details: Schematic diagram of the conventional
planar CO, sensor (c-sensor) and designed CO, sensor in our
Letter (d-sensor) are shown in Fig. 1. The structure of the
thick-film sensor is similar to the d-sensor except the thickness of
Au electrodes fabricated by screen printing method. A polished
alumina plate was used as a rigid substrate of the sensor. The
dimension of the Al,O; substrate was 3 x4 x0.625 mm. The
fabrication process of the d-sensor was as follows. A Li-ion
conductor (99.9% LizPO,) was deposited on the alumina
substrate by thermal evaporation method (ZHD-400 Resistance
Evaporation Coating Machine, Technol Science, Beijing, China)
with a thickness of 1.2 um and a deposition velocity of 3.3 A%s.
Thermal evaporation voltage, current and working pressure were
4.5V, 213 A, and 3 x 107> Pa, respectively. The as-deposited thin
films were sintered at 700°C for 2h in a tubular furnace
(HTL1000-80) with a heating rate of 5°C/min under the air
atmosphere. Thin Au films as the two metal electrodes of the
sensor were sputtered on the solid electrolyte film at a deposition
velocity of 20 nm/min by using magnetron sputtering method
(Explorer 14, Denton Vacuum America) to a thickness of 400
nm. The Au electrodes were sputtered by using mechanical
Al,O; mask and without subsequent heat treatment. Moreover,
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Fig. 1 Schematic diagram of the CO, sensor

for the thick-film sensor (t-sensor), the Au electrodes were
screen-printed onto the annealed Li;PO, film with a thickness of
20 um, followed by a 700°C annealing for 1 h. Next, to make the
paste-type material used in screen printing process, Li,CO3
powder (Sinopharm Chemical Reagent Company Limited,
99.99%) was mixed with organic vehicle consisting of
alpha-terpineol and ethyl cellulose. Then the paste was printed on
the two kinds of Au electrodes and sintered at 600°C for 1 h with
a heating rate of 5°C/min under the air atmosphere. As for the
c-sensor, after the above steps were finished, Li,TiO; (Aldrich,
99.99%) mixed with organic vehicle was printed on the Au
electrode and fired at 700°C for 1 h. Pt wires were attached on
the gold electrodes and annealed at 500°C for 30 min to make
good contact. Finally, for the measurement of the properties of
the sensors, 5000 ppm CO, and synthetic air were used to
prepare different concentrations of CO, gases (250-2500 ppm)
via a gas distribution system. In the system, two mass flow
controllers connected to a computer were used to prepare a series
of different concentrations of CO, gas. The total flow rate of the
gases was set as 200 sccm. The fabricated gas sensors were tested
in a steel chamber and in a tubular furnace (HTL1000-80) which
temperature could be precisely controlled. The sensing
characteristics of the sensors to CO, were investigated at a
temperature range from 380°C to 520°C. The EMF was collected
by an electrometer (Keithley 6517B).

3. Results and discussions: At the sensing electrode, the
electrochemical reaction is denoted by (1). On the reference
electrode side, due to the absence of reference material, the
lithium ions of Li;PO, are supposed to react only with oxygen
[19], as shown in (2). The total reaction between the reference
electrode and sensing electrode can be described by (3).

1
Li,CO; & Lit +CO, + 702 +2¢ (1)
1

2LiT + 50:+2¢” & Li,0 ()
Li,0 + CO, ¢ Li,CO, 3)

AG® [RT RT
E=—"+ [ﬁ] Infay,o0] + [ﬁ] nfpeo,] @

RT

E—E'+ [ﬁ] In o, )

According to reaction (1) and (2), the EMF of the sensor follows
(4). AG® is the Gibbs free energy of the reaction (3) at the
operating temperature, ap;,0 the activity of lithium oxide at the
reference electrode interface, pco, the carbon dioxide partial
pressure, R the universal gas constant, n the number of reaction
electrons and F the Faraday constant. Under the condition that
activity of lithium oxide is constant; the EMF of the sensor
follows (5). £ is a certain value in a given working environment
for a certain kind of sensor, the EMF is mainly determined by the
working temperature 7" and the partial pressure of CO, (pco,)-
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Fig. 2 SEM images
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According to reaction (1) and (2), the number of transmission
reaction electrons should be 2. On the basis of formula (5), the
absolute value of EMF increases logarithmically or linearly with
the concentration of carbon dioxide decrease or the operating
temperature increase, respectively.

The surface morphology of the electrolyte, sensing material, thin
Au film electrode and thick Au film electrode are shown in Fig. 2.
The photograph of the Li;PO, film in the figure shows the morph-
ology after a heat treatment at 700°C for 2 h. The magnification of
the Liz PO, film, Au electrodes and sensing material are 5, 1 and 1.5
K, respectively. The scanning electron microscope (SEM) image
indicates Li;PO4 film was dense, crystalline and continuous.
Li;PO, grain and grain boundary is clearly visible, at the same
time due to the growth of the grain and mutual extrusion, Li;PO4
grains present the approximate polygonised structure. The particle
size is mostly around 4 um. All of these factors were considered
to be advantage of the transference of lithium ion. According to
Fig. 2b, the sputtered gold electrode’s surface was denser and
smoother compared with the screen painted Au electrode. Fig. 2¢
shows the SEM image of the printed Li,CO; sensing electrode
after annealed at 600°C for 1 h. The thick film presents a porous
morphology with grain sizes about 520 um. Normally, for thick
film gold electrode, the reaction gases are difficult to diffuse
through the electrode and the three-phase interface should mostly
occur at the periphery of the electrode. However, according to
Fig. 2b, the Au film spreads holes with diameter of about 5 um,
and in view of that the thin film electrode thickness is only 400 nan-
ometers and the porous morphology of the Li,CO3 sensing elec-
trode, these holes can be considered to increase the three-phase
interface area at sensing electrode and be good for the reaction
gas to diffuse from Au film to lithium phosphate, allowing rapid
chemical reaction equilibrium. The Au thin-film electrodes were
prepared by magnetron sputtering method with a dense and
smooth surface that can make good contact with the Li;PO, film
and maintain good electrical conductivity at the same time.
Oxygen gas can diffuse into the lithium phosphate easily both at
the sensing and the reference side due to the porous surface. All
these features can be considered to improve the performance of
the d-sensor.

As shown in Fig. 3a, the d-sensor showed a much higher initial
EMF value and a better transient property than the c-sensor and
t-sensor. As the operating temperature was increased, the AEMF
of both d-sensor and c-sensor also increased but not the t-sensor.
The AEMF of t-sensor in Fig. 3 increases from 420 to 440°C but
decreases from 460 to 500°C. Li,O in electrochemical reaction
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Fig. 3 Dependence of theoretical and experimental AEMF/dec as a function
of working temperature and response transients of the d-sensor, c-sensor
and t-sensor to various CO, concentrations at 500°C
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(2) is supposed to build in situ at the interface of gold electrode and
LisPOy4 film. In view of thickness difference between the screen
painted thick Au film and the thermal evaporated Li;PO, film,
the contact between Au film and LizPO, film was poor and may de-
teriorate when the working temperature increasing due to the
thermal stress. The poor contact is considered to be bad for the
chemical reaction equilibrium which can cause the decreases of
AEMF of t-sensor.

The response and recovery characteristics of the d-sensor in the
CO, concentration range from 250 to 2500 ppm at different
working temperatures are shown in Fig. 4. In the figure, the high
and low volt represented the EMF of the sensor in the CO, concen-
tration of 250 and 2500 ppm. To obtain the stable EMF value, the
duration time of CO, concentration was set as 10 min. The d-sensor
presented good response and recovery characteristics even when the
operating temperature was 380°C. Fig. 5 shows the response transi-
ents of the d-sensor at the operating temperature of 380, 400, 420,
440, 460, 480, 500 and 520°C. To test the response characteristics
of the d-sensor, a gas distribution system was used to inject the test
gas every 10 min. The injected gas concentrations were 250, 500,
1000 and 2500 ppm in sequence and then reversed. The flow
rates of the balance and target gases were both 200 sccm. The
results indicated that the fabricated sensor was sensitive to CO,
under the test condition. It can be seen from the figure that the
EMF values were pretty stable in the test interval. The EMF was in-
versely proportional to the logarithm of concentration of carbon
dioxide and proportional to the operating temperature, respectively.

Figs. 6 and 7 show the dependence of EMF as a function of CO,
concentration at the working temperature range of 380-520°C for
t-sensor and d-sensor. It can be found that the EMF values were
much linear to the logarithm of CO, concentration as expressed

500 =

L 520
450
] 500°C
400
I 480°C
350 L 460°C
- |
£ 300 440°C
= 250
200 420C
: 400C
1504 380C
100 -
T T T T L T 1
0 5 10 15 20 25 30 35

time, min

Fig. 4 Response and recovery characteristics of the d-sensor at the CO,
concentration range from 250 to 2500 ppm at different working
temperatures
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Fig. 5 Response transients of d-sensor to various CO, concentrations at
temperature range of 380-520°C
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Fig. 6 EMF of t-sensor against logarithmic CO, concentrations at the
working temperature range of 440-520°C
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Fig. 7 EMF of d-sensor against logarithmic CO, concentrations at the
working temperature range of 380-520°C

by (4). In the temperature range from 380°C to 520°C, the initial
EMF of d-sensor increased with enhancement of working tempera-
ture. Fig. 8 shows the dependence of AEMF/dec as a function of op-
erating temperature for the d-sensor. The theoretical sensitivity can
be calculated from the equation —2.3(RT/nF). It can be seen from
Fig. 8 that the AEMF values were increased up to 520°C operating
temperature and were much higher than the theoretical values
except at 380°C. The sensitivity of sensor was very low at
380°C, this can be attributed to the effect of low kinetic energies
produced between each electrode and the low ionic conductivity
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Table 1 Electron transfer number ‘n’ calculated from Fig. 7

Temperature 400 420 440 460 480 500 520

value of ‘n’ 1.90 1.70 1.79 1.67 1.58 1.64 1.60

354 77 response time

recovery time

response and recovery time, s

460
working temperature, 'C

Fig. 9 Response and recovery time of the sensor at different working
temperatures

of the electrolyte at low temperature and reaching a non-equilibrium
state [16].

To investigate the relationship between the sensitivity and the
electron transfer number ‘n’, we only analysed the theoretical sen-
sitivity determined by (5) and experimental sensitivity at the
working temperature range from 400°C to 520°C, as shown in
Table 1. The number of electron transferred in the experiment cal-
culated from the fitting line in Fig. 7 was less than the theoretical
value of 2, but the causes of this phenomenon still need to be
further researched.

Fig. 8 shows the dependence of theoretical and experimental
AEMF/dec of d-sensor as a function of working temperature. The
response and recovery time is an important factor of solid electro-
lyte sensor. In order to confirm the usefulness of the sensor
designed in this Letter, the response and recovery time were
obtained at a CO, concentration curve from 500 to 1000 ppm at dif-
ferent working temperatures as shown in Fig. 9. Response and re-
covery time were defined as the 90% time interval that the sensor
took to equilibrate from one equilibrium state to another when the
concentration of CO, was changed. Fig. 9 indicates that the re-
sponse and recovery time reduced with the increase of the
working temperature but reached a plateau between 480-520°C.
The response and recovery times calculated at 500°C were around
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10 and 14 s, respectively. Furthermore, Fig. 9 also shows that re-
sponse and recovery time were 16 and 25s even when the
working temperature was 440°C. It can be seen from Fig. 8 that
the AEMF value was 79.1 mV/dec at 440°C that can meet the re-
quirement of applications. Compared with the prevalent 500°C
working temperature, the power consumption can be reduced
without losing high sensitivity. However, clear explanation about
the sensitivity still need to be investigated in future research.

The fabricated sensor showed a batter performance in sensing
CO, gas compared with the sensors using thick-film Au electrode.
This can attribute to the thin film may be easier to get high activa-
tion energy at a relatively lower temperature on the one hand and
large three-phase interface area caused by the holes spread on the
Au electrode on the other. Furthermore, the reaction gas can be
easier to diffuse from Au thin-film electrode to lithium phosphate,
this can accelerate the reaction rate. It proved that the thin-film
Au electrodes can be used to improve the sensitivity of potentiomet-
ric CO, sensors.

4. Conclusion: A potentiometric CO, sensor based on Au thin film
electrodes was designed and fabricated. The thermal evaporated
Li;PO, played the role of electrolyte and sensing material. The
surface morphology of fabricated Au electrode was considered to
increase the area of the three-phase and be good for the reaction
gases to diffuse to the three-phase interface. The fabricated
sensors were characterised using SEM, and were tested at the
CO, concentration range of 250 to 2500 ppm. The response and
recovery times of the d-sensors were 10 and 14 s at working
temperature of 500°C, respectively. The EMF values of d-sensor
were logarithmic dependent on the CO, partial pressure between
250 and 2500 ppm at the working temperature range of 380-520°C
and were pretty stable in the test interval. The AEMF/dec values
increased with working temperature and were 69.6-98.6 mV/dec
at working temperatures range of 400 to 520°C which was much
higher than that of c-sensor and t-sensor. The d-sensor can work
at low power consumption with high sensitivity and fast response
which is adaptable to ubiquitous sensor applications.
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