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Abstract: Real-time monitoring the freshness of food that stored in refrigerator is of great significance to alarm
the potential food spoilage and prevent severe health problems. Among those frequently reported methods,
discriminating the food freshness through tracking volatile compounds receives extensive attention.
Nevertheless, the ambient environment of low temperature (normally below 4°C) and high humidity (90%
R.H.) as well as poor selectivity in sensing gas species still remain the challenge. In this research, an integrated
smart gas tracking device is deigned and fabricated. Through applying pump voltage on an yttria-stabilized
zirconia (YSZ) membrane, oxygen concentration in the testing chamber can be manually tailored. Due to
working principle of the sensor follows the mixed potential behavior, distinct difference in sensitivity and
selectivity are observed for the sensor that operated at different oxygen concentration. Typically, the sensor
gives satisfactory selectivity to H2S, NHs, C2HsOH at the oxygen concentration of 10%, 30% and 40%,
respectively. In addition, acceptable response/recovery rate (within 24 s) is also confirmed. Finally, a
refrigerator prototype that includes the smart gas sensor is built, and satisfactory performance in discriminate
food freshness status of fresh or semi-fresh is verified for the proposed refrigerator prototype. In conclusion,
these aforementioned promising results suggest that the proposed integrated smart gas sensor could be a
potential candidate for alarming food spoilage.

Keywords: artificially tailored selectivity; smart gas sensor; yttria-stabilized zirconia (YSZ); volatile
compounds; food freshness

1. Introduction

Real-time monitoring the freshness of food that stored in refrigerator is of great significance since
it will be helpful to alarming the potential food spoilage, and thereby can effectively prevent severe
health problems (e.g., food poisoning) that may be caused by eaten rotten food.[1-3] Up to date,
methods that have been frequently reported for food freshness monitoring include but not limited to
microbiological testing, visual recognition, capillary electrochromatography, volatile compounds
analysis, etc.[4-9] Among them, discriminating the food freshness through tracking volatile
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compounds receives extensive attention due to its attractive characteristics of rapid and non-invasive
which are definitely suitable for alarming food spoilage at early stage.[10-12] However, in
consideration of the ambient environment of low temperature (normally below 4°C) and high
humidity (90% R.H.) in refrigerator, it is highly desired to develop high performance chemical gas
sensors when tacking target volatile gas species.[5,7,12-15]

Typically, to effectively monitor the food freshness, three main target volatile compounds
should be particularly focused, namely, H2S (derived from meat spoilage), NHs (derived from meat
spoilage) and C2HsOH (derived from vegetables/ fruits spoilage).[14,16,17] In comparison with
chemireistive gas sensors, solid-state yttria-stabilized zirconia (YSZ) based gas sensors demonstrate
reliable performance in harsh conditions.[18-25] In addition, because of the relatively high selectivity,
it is expected that YSZ-based gas sensors could be a promising candidate for sensing these volatile
compounds in refrigerator.[26-29] Nevertheless, highly selective tracking the aforementioned H-S,
NHs, C:HsOH against other potential co-exist interference gases, like CO, NO, NO:z and SO: still
remains challenge.[30-32]

As is well known that YSZ-based gas sensors normally follow the working principle of mixed
potential behavior when exposed to the gas mixture containing oxygen.[30,33-35] Hence, sensing
characteristics (i.e., sensitivity and selectivity) of this type sensor could be artificially tailored through
modulating oxygen concentration in gas mixture.[33,36] Consequently, in this research an integrated
smart gas sensor with artificial tailored selectivity is proposed for tracking typical volatile
compounds generated during food spoilage. An integrated ceramic-based oxygen pump is designed
by using a YSZ membrane for controlling the oxygen concentration in testing chamber so that the
selectivity of a miniaturized YSZ-based electrochemical gas sensor can be easily tailored. Meanwhile,
the practicability of the integrated smart gas sensor to monitor the level of food freshness in
refrigerator will be systematically evaluated. It is believed that this research would provide an
alternative strategy for designing high performance gas sensors in the application of future food
quality evaluation.

2. Experimental Section

2.1. Fabrication of the Integrated Smart Gas Sensor

The smart gas sensor comprises of two parts, namely, testing chamber (chamber oxygen
concentration controlling module) and miniaturized YSZ-based sensor (target gas sensing module).
The fabrication details of each part are summarized as fellow:

(i) Fabrication of the chamber oxygen concentration controlling module: Initially, Pt paste (Tanaka,
Japan) and Mn20s paste were paint on the surface of commercial YSZ plates (length x width x
thickness: 1.75 x 0.5 x 0.1 cm?3; Nikkato, Japan) to form the oxygen pumping and sensing electrode.
After that, two pieces of the as-fabricated commercial YSZ plates were bind together with the help of
glass cement, followed by calcined at 1400 °C for 2.5 h to form the chamber oxygen concentration
controlling module. The space of the internal testing chamber is about 0.06 cm?® (length x width x
thickness: 1.5 x 0.4 x 0.1 cm?; as shown in Figure 2a).

(ii) Fabrication of the target gas sensing module and integrated smart gas sensor: YSZ-based sensors
are fabricated by using commercial YSZ plates (length x width x thickness: 2 x 0.3 x 0.1 cm3; Nikkato,
Japan). To simplify the configuration of the fabricated sensors, manganese-based reference-electrode
(hereafter denoted as Mn-based RE) was used on these sensors. Commercial Mn3Os powder (99%,
Sigma, Germany) was thoroughly mixed with a- terpineol and the paste was painted on the surface
of YSZ plates to form a 1 mm MnsOs-banded electrode. After drying at 130 °C overnight, YSZ plates
with the MnsOs layer were calcined at 1400 °C for 2.5 h in air to form the Mn-based RE. Each of the
metal oxide-based sensing materials (SnO2, C03O4, ZnO, NiO, Cr203 and In20s: 99%, Sigma, Germany)
was applied individually on the surface of YSZ plates to form the oxide layer with similar dimensions
to the Mn-based RE. Each fabricated oxide layer was also calcined at high temperatures to obtain the
photoactive SEs, the calcination temperature for the Cr20s-SE sensor is ranged from 900 to 1100 °C,
whereas for the sensor comprised of other SEs were fixed at 1000 °C. Finally, the as-fabricated YSZ-
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based sensors were inset into the testing chamber and sealed with glass cement to form the integrated
smart gas sensors. Schematic view of the sensor can be found in Figure 1.
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Figure 1. schematical view of the details on fabricating the integrated smart gas sensors.

2.2. Evaluating the gas sensing performance of the integrated smart gas sensor

Sensing experiments were performed by simultaneously expose the sensors to the base gas
(diluted 21 vol% Oz + N2 balance) or the sample gas containing each of different volatile compounds
in the range of 0.04-2 ppm for each in the based gas to evaluate gas-sensing characteristics. In
consideration of the fact that H.S, NHs, C2:HsOH are the main volatile compounds that emitted during
food spoilage, these gas species are selected as the sample gas in this study. The humidity and the
temperature of the gas mixture are kept at 90% RH and 4 °C to simulate the operating condition in
refrigerator. To eliminate the negative impact derived from humidity and low ambient temperature,
the sensor is operated at 425 °C through an internal aluminum oxide heating plate.

The oxygen concentration inside the testing chamber is manually modulated by applying
pumping voltage on the pumping electrode which located on the surface of YSZ membrane (Figure
1b). By controlling the pumping time, oxygen concentration in the testing chamber can be artificially
fixed in the range of 10-40 %. The sensing signal of electric potential difference AV (AV = Vsample gas —
Vbase gas, Where the Viample gas represents the sensing response of the sensor towards sample gas, whereas
the Vbase gas represents the sensing response of the sensor towards base gas) was recorded by using a
multi-function data acquisition board (USB-6211, NI, USA). The 90% response/recovery time was
calculated by the following way: the maximum value of the sensor given at response/recovery within
the examined time was denoted as the AViesponse/recovery, then the value of 90% AViesponse/recovery can be
read from the figure and its corresponding time was defined as the 90% response/recovery time.

3. Results and discussion

3.1. General vision of the Integrated Smart Gas Sensor

An integrated smart sensor is proposed and designed for food quality monitoring. Basically, the
proposed sensor composes of chamber oxygen concentration controlling module and target gas
sensing module (Figure 2a). When exposing the sensor to gas mixture, the oxygen concentration in
the gas mixture will be automatically modulated with the help of oxygen concentration controlling
module. By applying pumping voltage on the YSZ membrane, oxygen can be controllable pumped
out of or inside the testing chamber, leading to low or high oxygen concentration in the gas mixture
(in the testing chamber), shown in Figure 2b. In the meantime, oxygen concentration in the testing
chamber is real-time monitored so that to manually set the oxygen concentration at the expected
value (Figure 2c). A miniaturized YSZ-based gas sensor that embedded in the testing chamber will
be designed for high-performance sensing target gases, given in Figure 2d. Due to the YSZ-based
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sensor fellows the working principle of mixed potential behavior, its sensing characteristics will
directly be tailored by the oxygen concentration in the gas mixture (in the testing chamber).
Consequently, high selectivity to specific gas at certain oxygen concentration is expected.
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Figure 2. Illustration of the integrated smart gas sensor. (a) general configuration of the integrated
smart gas sensor; (b), (c) working principle of manually controlling the oxygen concentration in the
testing chamber; (d) miniaturized YSZ-based sensor for tracking target gas.

3.2. Sensing performance of the proposed smart gas sensor

To realize the aforementioned attractive vision, initially, sensing behavior of YSZ based gas
sensors that using several frequently reported sensing materials (e.g., SnO2, C0304, ZnO, NiO, Cr20s
and In20s) as the SE (vs Mn-based RE) to 0.04 ppm H:S, NHs, C:HsOH were characterized under
different oxygen concentration (10%, 21%, 30% and 40%). As shown in Figure 3a, response signal of
the YSZ-based gas sensors that attached with various sensing materials (as the sensing electrode, SE)
vs. Min-based reference electrode (RE) varied with the change of oxygen concentration and unobvious
selectivity towards these studied gases were found for most of these sensors. Nevertheless, it is
interestingly to observe that relatively high selectivity to H25, NHs, C2HsOH was demonstrated by
the sensor using Cr203-SE (vs. Mn-based RE) at different oxygen concentration. For instance, the
repose signal of the sensor to 0.04 ppm H>5, NHs, CaHsOH under the oxygen concentration of 10%,
30% and 40% is (-3.7 mV, -4.9 mV, -17.3 mV), (0.8 mV, -4.3 mV, -0.2 mV) and (8.7 mV, -1 mV, 1.6 mV),
respectively. This promising result suggests that it is highly possible to achieve the expected high
selectivity for sensing volatile compounds that derived from rotten food through modulating oxygen
concentration in the testing atmosphere.
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Figure 3. Sensing characteristics of the smart gas sensor attached with various SEs and Mn-based RE,
under different oxygen concentration. (a) Cross-sensitivity of the sensor to various gases at the oxygen
concentration of 10-40%; (b) Impact of the calcination temperature on the sensing performance of the
sensor attached with Cr203-SE; (b)-(d) dependence of the response signal on the concentration of the
studied gases for the sensor using Cr203-SE, in the range of 0.4-2 ppm is examined at different oxygen
concentration.

Calcination temperature of the sensor attached with Cr20s-SE is further optimized in the range
of 900-1100 °C, with the intervals of 100 °C (shown in Figure 3b). Largest response signal and optimal
selectivity are obtained for the sensor calcined at 1000°C. Regarding to the impact of calcination
temperature, it can be explained through the balance of forming triple-phase boundary (TPB) and
catalytic activity which has been systematically discussed elsewhere.Basically, TPB can be hardly
formed at low calcination, leading to the weak electro-catalytic activity and low reactivity at the
reaction interface (i.e., interface between SE and YSZ). However, excessively high calcination
temperature normally destroys the catalytic activity of the sensing materials. Consequently, modest
calcination temperature is not only helpful to improve the interfacial reactivity by forming a desirable
TPB, but also keeps satisfactory catalytic activity. Thus, optimal sensing performance is observed at
the calcination temperature of 1000 °C for the YSZ-based sensor that attached with Cr20s-SE.

Figure 4(a)-(c) demonstrate dependence of the response signal on the concentration of the
studied gases for the YSZ-based sensor using Cr20s3-SE (calcined at 1000 °C), in the range of 0.4-2
ppm that examined at different oxygen concentration. Linear relationship between the response
signal and the logarithm of the gas concentration is observed for the sensor, regardless of the oxygen
concentration contained in the gas mixture. Particularly, acceptable selectivity is also confirmed for
the sensor through modulating the oxygen concentration. To further confirm the gas sensing
specificity, comparison of the response signal to the 0.4 ppm single gas (e.g., H25, NHs, C2H50H) and
to the gas mixture (target gas + 2 ppm interference gases) is investigated and shown in Figure 4(d)-
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(f). Acceptable specificity is confirmed for the sensor when sensing various targeted gases under
different oxygen content. These impressive results directly indicate that selectivity of the proposed
YSZ-based sensor that using Cr20s-SE is successfully tailored by simply modulating oxygen content
in tested environment. As for the tailored selectivity of the sensor, it can interpretate through the
standard modified polarization curves that given in Figure 5(a). The difference in the modified
polarization curves for each studied target gases at the oxygen concentration of 10-40% suggests that
the interfacial catalytic activity of the sensor changed with the variation of the oxygen concentration.
Particularly, due to the mixed potential behavior of the sensor, distinct different sensing behavior is
obtained when modulating the oxygen concentration in the gas mixture.
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Figure 4. (a)-(c) dependence of the response signal on the concentration of the studied gases for the
sensor using Cr203-SE, in the range of 0.4-2 ppm is examined at different oxygen concentration; (d)-
(f) dependence of the response signal on the concentration of the studied gases for the sensor using
Cr20s-SE, in the range of 0.4-2 ppm is examined at different oxygen concentration (d)-(f) Comparison
of the response signal for the smart gas sensor to the studied gas mixture.
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Figure 5. (a) Standard modified polarization curves, measured in 0.04 ppm H>S, NHs, C2HsOH under
different oxygen concentration value over the range of 10-40 vol.% (with intervals of around 10
vol.%), for the smart gas sensor coupled with Cr203-SE and Mn-based RE; (b) 90% response/recovery
time of the sensor that using Cr203-SE to H»S, NHs, C2H50OH.

Beyond the satisfactory selectivity, quick response/recovery rate and humidity resistance are
also crucial technical index, since the research objective of this study is tracking target volatile
compounds that generated during food spoilage. Figure 5(b) shows the response/recovery state, the
90% response/recovery time of the sensor to H:S, NHs, C:HsOH is 23.6s/17.1s, 7.3s/11.2s and
5.4s/15.2s, respectively, indicating acceptable response/recovery speed for sensing these gases.
Meanwhile, water vapor gives negligible impact on the response behavior of the sensor (Figure 6).
Based on these promising results, it is reasonable to give the conclusion: the smart sensor that
integrated oxygen pump membrane and miniaturized YSZ-based gas sensor (attached with Cr20s-
SE and Mn-based RE) shows excellent oxygen concentration modulation capability and satisfactory
gas sensing characteristics, thus, could be a potential candidate for food freshness evaluation.
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Figure 6. Impact of water vapor on the response behavior of the sensor using Cr20s-SE.

3.3. Capability of real-time monitoring food freshness

To evaluate the practicability of employing the proposed sensor in freshness monitoring, a
refrigerator prototype that included the smart gas sensor is built and its performance is also
examined. It should be particularly noted that in order to effectively eliminate potential interference
derived from other gases (e.g., CO, NOz, NO and SO:), commercialized catalyst powder (C21900,
Minstrong Tech., China) is placed in front of the sensing chamber to remove potential interference
gases. Figure 7a demonstrate the photograph of the designed prototype. Basically, the prototype
includes a sensing chamber (placing the smart gas sensor), min-pump (sucking in gas that derived
from food), catalyst tank (placing commercialized catalyst powder) and other refrigerator modules.
When the prototype works, gas species in fresh room would be automatically pumped into sensing
chamber and examined by the sensor. Figure 7b gives the conversion rate of each gas, calculated by
comparing the concentration difference before and after the gas passing through the catalyst.
Obviously, the catalyst essentially removed those potential interference gases, due to the high
conversion rate to CO, NOz, NO and SO:. Therefore, the smart gas sensor that placed behind the
catalyst tank reveals high response signal to Hz2S, NHs, C2HsOH against aforementioned interference
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gases (Figure 8c). Consequently, it is believed that the designed prototype would be capable of
alarming food spoilage by simply tracking volatile compounds.
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Figure 7. Photograph and sensing performance of the refrigerator prototype: (a) internal details of
the refrigerator prototype; (b) comparison of the conversion rate for the studied gases before and after
passing through the catalyst; (c) response signal of the integrated smart gas sensor against potential
interference gases with the help of the commercialized catalyst; (d), (e) variation of the response signal
to H2S, NHs, C2:Hs0H in the form of heat map, during the studied 14 days.
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Pork, banana and strawberry are selected as the research example of meat and fruit to test the
performance of the prototype. The above-mentioned foods are kept in the fresh room with the
temperature set at 4°C for 0-14 days. The variation of the response signal to the gases sucked from
fresh room is continuously recorded during tested period. It is found that when keeping these foods
in fresh room more than 7 days, obvious color change can be caught in the photograph (Figure 8),
suggesting the food spoilage started. Figure7c, d shows variation of the response signal to H2S5, NHs,
C:H50H in the form of heat map, during the studied 14 days. In sum, according to the variation of
the response signal, it can be deduced that significantly increasing in HzS, NHs is found during meat
spoilage, while for fruit spoilage gas concentration increment is mainly found in C2HsOH. Figure 9
summarized the pilot results of freshness monitoring by utilizing the designed refrigerator prototype.
In this research, principal components analysis (PCA) method is employed to discriminate status of
fresh (kept within half day) or semi-fresh (kept more than 3.5 days). Basically, response signal of HzS,
NHs for the meat kept for 3.5 days is around 11.2 mV and -7.4 mV, respectively, while the value of
C2Hs0H for fruit at the semi-fresh status is roughly estimated to be -19.4 mV. These results that depict
in the form of PCA map implies satisfactory capability of the prototype in distinguish food freshness,
particularly when the experimental sample is meat. Conclusively, the prototype that integrated with
the smart gas sensor successfully implemented the online freshness monitoring and would provide
effective strategy for alarming food spoilage.
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Kept 7 days

Figure 8. Photograph of pork and selected fruits that kept for different time.
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Figure 9. Pilot results of the (a) meat and (b) fruit freshness monitoring for the designed refrigerator
prototype, depicted in the form of PCA map.

4. Conclusions

An integrated smart gas sensor is designed and fabricated for real-time monitoring food
freshness. Through applying the pumping voltage on the YSZ membrane, oxygen concentration in
the testing chamber is artificially controlled. Due to the mixed potential behavior, distinct different
sensing characteristics are demonstrated by the YSZ-based smart gas sensor that attached with Cr20s-
SE and Mn-based RE, under different oxygen concentration. Basically, the sensor gives satisfactory
selectivity to HzS, NHs, C:HsOH when the oxygen concentration in the gas mixture is at 10%, 30%
and 40%, respectively. In addition, acceptable response/recovery rate is further confirmed for the
Sensor.

To verify the capability of monitoring the food freshness for the proposed integrated smart gas
sensor, a refrigerator prototype that included the smart gas sensor is built. With the help of
commercialized catalyst, high selectivity to these target gases (i.e., H2S, NHs and C2HsOH) that
emitted during food spoilage. Moreover, satisfactory performance in discriminate food freshness
status of fresh or semi-fresh is further confirmed for the proposed refrigerator prototype.
Conclusively, these promising results suggest that the proposed integrated smart gas sensor could
be a potential candidate for alarming food spoilage. Particularly, the strategy of modulating response

selectivity through tailoring the oxygen concentration would be a useful way to design future high
performance gas sensors.
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