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Abstract. In this work, which was presented at the Eurosensors 2024 conference (Maier et al., 2024a), we
present the development of chemoresistive nanosensors based on ultrathin CuO/Cu2O films, fabricated through
a two-step process involving thermal evaporation and subsequent oxidation on Si3N4-based micro-hotplate chips.
The semiconducting metal oxide (SMOX) gas sensors are tested against various target gases like carbon monox-
ide (CO), carbon dioxide (CO2), and a mixture of hydrocarbons (HCMix). The CuO/Cu2O films are function-
alized with sodium citrate and also with synthesized Au nanoparticles (Au NPs), which are stabilized with
different types of ligands, namely, α-methoxypoly(ethylene glycol)-ω-(11-mercaptoundecanoate) (PEG–MUA),
3-mercaptopropionic acid (MPA), and citrate. While the Au NPs clearly increase the sensor response, in particu-
lar for CO2 and HCMix, we have figured out that the ligands have a significant impact on the sensor performance.
In order to gain further insight into the influence of the different ligands on the sensing performance, the surface
was characterized by scanning electron microscopy (SEM), and the composition was determined by grazing
incidence X-ray diffraction (GIXRD) measurement.

1 Introduction

Indoor and outdoor air quality (AQ) monitoring has become
increasingly important over the last century because of the
scientific advances in health aspects and regulations from
the governments. Pollutant gases that are harmful or even
toxic, such as CO or various volatile organic compounds
(VOCs), have the potential to significantly affect human
health. Additionally, elevated indoor concentrations of CO2
can contribute to health issues, such as respiratory and circu-
latory problems or simply headaches. Metal oxides, includ-
ing SnO2, ZnO, and CuO, are emerging as promising candi-
dates for gas sensing due to their sensitivity to a wide range
of gases (Nikolic et al., 2020). These materials play an im-
portant role of miniaturization of gas sensors and also en-
able cost-effective mass production. The sensing mechanism
is based on a reaction of the metal oxide and the target gas,

which can be measured as a change in the electrical resis-
tance. In recent years, there has been a massive increase in
research into CuO in particular due to its low cost and high
sensitivity to different gases (Rydosz, 2018). A variety of de-
position technologies can be employed to fabricate CuO with
different structural modifications, the investigation of which
is ongoing, with some remaining issues (Maier et al., 2024b).
To increase the sensor performance, CuO can be function-
alized with different nanoparticles (Steinhauer, 2021), such
as Au, Ru, Pd, or Pt, to reduce the operating temperature
and increase the sensor response. Korotcenkov et al. (2016)
summarize the effects of Au nanoparticles (NPs) on differ-
ent substrates, such as SnO2, WO3, or ZnO, that increase the
sensor response to many gases. The doping of nanoparticles
enables two distinct sensing mechanisms, namely, chemical
and electronic sensitization (Degler et al., 2019). In the con-
text of chemical sensitization, the nanoparticles facilitate the
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activation of gas molecules, causing a change in the con-
centration of adsorbed oxygen molecules on the metal oxide
due to the spillover effect. In contrast, in electronic sensi-
tization, adsorbed oxygen on the nanoparticles undergoes a
transformation, leading to a direct exchange of electrons be-
tween the nanoparticles and the metal oxide (Velmathi et al.,
2016). However, the investigation of material combinations
involving CuO for the detection of CO2 gas represents a sig-
nificant area of focus in the literature as evidenced by the
summary presented in reference (Maier et al., 2024c). There
are many techniques, such as laser ablation, sputtering, and
spray pyrolysis. to deposit the nanoparticles on the surface
of the target material (Jamkhande et al., 2019). One simple
and cost-effective method is drop coating. A drop of a mix-
ture containing a solvent and the nanoparticles is deposited
on the substrate (Kaliyaraj Selva Kumar et al., 2020). During
the drying step, the solvent evaporates, leaving the nanoparti-
cles on the surface. As reported in Wimmer-Teubenbacher et
al. (2018), a functionalization of CuO thin films with Au NPs
with a concentration of 0.0000508 mol m−3 by drop coating
can lead to a sensor response of 365 % towards 2000 ppm
CO2, which is 13 times higher compared to the unfunction-
alized CuO film. Au NPs have to be stabilized with ligands
in order to avoid an agglomeration in the solution. Typical
stabilizing agents for the synthesis of Au NPs are citrate, thi-
olated molecules, or polyethylene glycol (PEG), which can
be easily connected by ligand exchange reactions (Tham-
biliyagodage, 2022). In the electrodeposition of copper on
silicon wafers, PEG is frequently employed as an additive
with the objective of enhancing the deposition rate in cavi-
ties while simultaneously reducing the deposition rate on the
surface. (Mroczka and Słodkowska, 2020). Conversely, the
interaction of copper with thiolated compounds, such as 3-
mercaptopropionic acid (MPA), results in the oxidation of
the metal and the reduction in the thiol, which ultimately
leads to the formation of a disulfide compound (Su et al.,
2010). Therefore, investigations are necessary to study the
effect of different ligands on the sensor performance. To our
best knowledge, there are no reports of the influence of dif-
ferent ligands on the sensor performance, especially on the
sensor response. Therefore, investigations are necessary to
achieve more efficient gas sensors with reduced size, power
consumption and low production cost. In this work, we fab-
ricate three different stabilized Au NP solutions and investi-
gate the influence of the behaviour of CuO sensors on differ-
ent test gases and also the influence of humidity.

2 Sensor fabrication

The gas-sensitive thin films are structured with photolithog-
raphy (Mask-Aligner MJB4, Süss MicroTec, Garching, Ger-
many) on a micro-hotplate chip. The chosen sensing ge-
ometry is a circle with a diameter of 450 µm. A Cu layer
with a thickness of 500± 5 nm is deposited by thermal evap-

oration method (UNIVEX 450, Leybold GmbH, Cologne,
Germany). A deposition rate of 0.5± 0.1 nm s−1 for Cu at
5.1× 10−6 mbar was used. The chip is then oxidized on a
PZ28-3T hotplate (HP, Harry Gestigkeit GmbH, Düsseldorf,
Germany) at 450± 5 °C for 4 h, leading to a mixture of CuO
and Cu2O. The temperature of the hotplate was checked us-
ing a thermocouple. The samples were heated up from room
temperature in 20 min. The cooling down lasted for about 3 h.
Afterwards, the samples were taken off the HP. The oxidation
process parameters were chosen according to the work of de
Los Santos Valladares et al. (2012)

3 Synthesis of Au nanoparticles

The colloidal gold nanoparticles (Au NPs) (Fig. 1a) with a di-
ameter of 13.2± 1.8 nm used for the functionalization of the
metal oxide gas sensors were synthesized by a protocol based
on the work of Schulz et al. (2014) using an inverse Turke-
vich method. In this wet chemical approach, a citrate buffer,
one part citric acid and three parts sodium citrate (Fig. 1b),
was used to control the pH.

All the used glass wear was cleaned with aqua regia prior
to the synthesis. In a flask, 1000 mL of the 2.5 mol m−3 cit-
rate buffer solution was heated to its boiling point. The so-
lution was stirred for 10 min at this temperature. Parallel
100 mL of 2.5 mol m−3 tetrachloroauric acid solution were
heated to 85 °C and stirred at this temperature. After 10 min,
this solution was quickly transferred into the boiling buffer
solution. The reaction mixture was cooled to 70 °C and trans-
ferred into an appropriate container for storing.

Before the functionalization of the semiconducting metal
oxide (SMOX) gas sensors, the Au NPs were isolated via
centrifugation from the reaction mixture and redispersed in
high-purity water. To exchange the ligands on the surface of
the Au NPs, 200 µL of a 2 mol m−3 of a 3-mercaptopropionic
acid (MPA) (Fig. 1c) or α-methoxypoly(ethylene glycol)-ω-
(11-mercaptoundecanoate) (PEG–MUA) (Fig. 1d) solution
was added to 10 mL of the unpurified reaction mixture. The
modified Au NPs were isolated via centrifugation and redis-
persed in high-purity water or, in the case of MPA, in a NaOH
solution (pH ∼ 9).

4 Sensor functionalization and finalized device

A drop of around 0.2 µL of the citrate or Au NP solution is
placed on the sensitive layer and then dried for 10 min in air.
The drop coating is repeated two times to get enough Au NPs
on the surface. The final sensor is illustrated in Fig. 2a.

The gas sensor device (Fig. 2b) is based on a micro-
electromechanical systems (MEMS)-technology-fabricated
2× 2 mm Si3N4 platform chip, where the Si3N4 membrane
(thickness of 900 nm, 1.02× 1.02 mm) is underetched. As il-
lustrated in Fig. 2a, the sensor consists of a heater structure
(Mo) and sensor contacts (Pt with a Ti adhesion layer). The
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Figure 1. (a) TEM image of Au NPs stabilized with PEG–MUA, (b) chemical structure of ligands – sodium citrate, (c) 3-mercaptopropionic
acid (MPA), and (d) α-methoxypoly(ethylene glycol)-ω-(11-mercaptoundecanoate) (PEG–MUA).

Figure 2. (a) Illustration of a functionalized CuO/Cu2O gas sensor and (b) images of the finalized sensor and (c) connection for resistance
measurements.

sensor chip is then adhered by an electrically non-conductive
adhesive (LOCTITE ABLESTIK 2035SC, Henkel AG &
Co., Düsseldorf, Germany) to a KD-S78382-H CERAMIC
DUAL INLINE PACKAGE (Kyocera Corporation, Kyoto,
Japan) (Fig. 2c). Subsequently, the sensor is connected by Au
wires to the ceramic platform. The finished assembly is then
stacked on a printed circuit board, at which point it is ready
for the measurement process in a specific self-made gas mea-
surement box designed for constant current measurements.

5 Sensor characterization

Grazing incidence X-ray diffraction (GIXRD; XRDynamic
500, Anton Paar, Graz, Austria) was used to determine the
present phases in the thermally oxidized sensing films used
in this study. In a further study, the distribution of the Au
NPs on the sensing films were characterized by SEM (Raith
eLINE+, Raith GmbH, Dortmund, Germany). A self-made
gas measurement setup was used to characterize the sens-
ing performance. The determination of the resistance is done
with a self-made gas measurement box by measuring the
voltage while using a constant current of 1 µA. The sensor
devices are tested against CO, CO2, and HCMix (equal mix-
ture of 500 ppm of acetylene, ethane, ethene and propene).
As the background gas, synthetic air (Linde Gas GmbH) was
used, with a composition of 80 % nitrogen and 20 % oxygen.
A constant flow of 1000 sccm (equals 1.67× 10−5 m3 s−1)

was set by a mass flow controller (EL-FLOW, Bronkhorst
High-Tech BV, Ruurlo, Netherlands). A pre-test showed that
the ideal operating temperature is 300 °C. Therefore, the sen-
sor was heated up to 300 °C. The relative humidity (RH)
was varied between 25 %, 50 %, and 75 % and controlled by
a commercial humidity sensor (AFK-E, KOBOLD Holding
GmbH, Vienna, Austria). The influence of the different sta-
bilized Au NPs on the response to CO2 and to the other tar-
get gases was tested. Following a 5-month period, tempera-
ture dependence was taken, with the operating temperature
increasing from 320 to 400 °C in 20 °C increments to gain
information about sensor stability. The RH was also main-
tained at 50 % with 4000 ppm CO2 pulses for each tempera-
ture. The sensor response was calculated with Eq. (1), where
Rg is the resistance during the gas exposure and Ra is the re-
sistance in synthetic air interpolated before and after the gas
pulse, to compensate the possible drift of the sensor resis-
tance.

S =
Rg−Ra

Ra
· 100% (1)
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Figure 3. GIXRD measurement of the sensitive layer.

6 Results

6.1 GIXRD measurement

Figure 3 illustrates the GIXRD measurement, which was em-
ployed to gather data regarding the film composition. One of
the key benefits of this technique is its capacity to precisely
control the depth of penetration, which can be adjusted to
a mere few nanometres (Yang et al., 2020). In the literature
(Kaur et al., 2022), it is described that the oxidation of Cu
to Cu2O and CuO results in the appearance of characteristic
reflections. It can be observed that Cu2O (illustrated in or-
ange) exhibits the most intense XRD 2θ reflection at 36.7°,
whereas CuO (illustrated in green) displays the most pro-
nounced 2θ reflections at 35.6 and 38.9°. It would appear
that pure Cu displays the highest 2θ reflection at 43.4°. It
is shown that all of the present copper is oxidized to a mix-
ture of CuO and Cu2O as no metallic copper is detected. In
comparison to the literature (Xiong et al., 2014), it can be ob-
served that the crystallinity is somewhat lower, as indicated
by a slight broadening of the reflections. The reflection height
provides information about the preferred crystal orientation
marked in the round brackets at each reflection in Fig. 2. It is
worth noting that a reflection of the underlying Si substrate
(illustrated in grey) is detected in the sample (Tehrani, 2015).

6.2 SEM investigations

Figure 4 shows the sensor surface before the functionaliza-
tion, where it is visible that the entire surface is covered
by CuO nanowires (NWs). The NW (Mohamed and Al-
Mokhtar, 2018) growth commences with the formation of a
Cu2O layer on the Cu metal. Subsequent oxidation results in
the formation of a CuO layer on top. Diffusion of Cu through
this layer system occurs along the grain boundaries, reaching

Figure 4. SEM picture of the sensor surface before the functional-
ization.

the surface where NW growth initiates. Upon attaining a spe-
cific length, the NWs fracture and deposit on the surface.

Figure 5 illustrates SEM images of the of the bare
CuO/Cu2O sensing film (a) and the three functionalized
films, where the ligands were different (b–d). Figure 5a
shows the typical CuO NWs on a copper surface follow-
ing oxidation. Figure 5b illustrates the CuO/Cu2O with the
citrate-stabilized Au NPs, which tend to form large agglom-
erates (up to 800 nm in diameter) at an operating temperature
of 300 °C. In contrast, MPA-stabilized Au NPs, illustrated
with the blue circles in Fig. 5c, also form agglomerates; how-
ever, they do not undergo a coalescence process at the op-
eration temperature of 300 °C. The presence of large PEG–
MUA ligands (Fig. 5d) results in the dispersion of Au NPs
across the entire surface, preventing agglomeration and melt-
ing. In comparison, the PEG–MUA ligands are of a larger
size than the MPA ligands, which results in a higher stability
(Schulz et al., 2013). Consequently, the Au NPs are sepa-
rated on the surface by the PEG–MUA ligands. At temper-
atures above 300 °C, the Au NPs undergo a shape change
and coalescence process, which reduces their surface energy
(Wang et al., 2010). The citrate-stabilized Au NPs exhibit the
highest degree of coalescence, indicating the most significant
reduction in surface energy compared to the other stabilized
Au NPs. Therefore, the PEG–MUA ligands that remain sep-
arated possess the highest surface energy.

6.3 Gas measurement

Figure 6 shows a typical gas measurement for CO2, the
operation temperature is 300 °C, and the relative humid-
ity is 50 %. The resistance of the bare CuO/Cu2O film is
low compared to the functionalized films. Since the bare
CuO/Cu2O sensing films (red line) show no response to-
wards CO2, a special focus was set on the functionalization
with the nanoparticles with the different ligands. The great-
est change in resistance during CO2 exposure was observed
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Figure 5. SEM picture of different stabilized Au NPs: (a) sensor
without Au NPs, (b) sensor with citrate-stabilized Au NPs, (c) sen-
sor with MPA-stabilized Au NPs in blue circles, and (d) sensor with
PEG–MUA-stabilized Au NPs.

in the CuO/Cu2O layer functionalized with citrate-stabilized
Au NPs (green line), followed by the citrate without Au
NPs (orange line). A small change in the resistance was
achieved with the MPA-stabilized (black line) Au NPs. The
CuO/Cu2O functionalized with PEG–MUA Au NPs (blue
line) showed the lowest or no change towards a CO2 expo-
sure. For all samples, the resistance change against 1000 and
2000 ppm is similar but increases again for 4000 ppm.

A summary of the responses calculated with Eq. 1 of each
test sensing film towards CO (20 ppm), CO2 (4000 ppm), and
HCMix (20 ppm) is shown in Fig. 7. The bare CuO/Cu2O only
react to HCMix with a sensor response of 4.6 % at a rela-
tive humidity level of 50 %. All of the functionalized sen-
sors show an improvement of the sensitivity towards 20 ppm
HCMix. Here, the PEG–MUA Au NPs had the highest sensor
response of 21 %, whereas MPA Au NPs (18 %) and citrate
Au NPs (17 %) are similar. The citrate without Au NPs shows
a small sensor response increase to 8 %. Furthermore, it is in-
dicated that the increase in sensor response towards HCMix is
not influenced by the ligand but is instead strongly influenced
by the Au NPs. In the case of CO, the functionalized sensors
react to the test gas, except the ones stabilized with MPA
Au NPs. The highest sensor response of 9 % was reached by
the citrate. The sensor response of the other functionalized
sensors is smaller than 5 % towards CO. All functionalized
sensors showed a sensor response to 4000 ppm of CO2. The
highest sensor response (39 %) was obtained for the citrate
Au NPs, followed by the citrate with 26 %. The MPA Au
NPs also show a significant sensor response of 10 % towards
CO2. The PEG–MUA Au NPs reached a sensor response of
around 2 %.

Regarding to the selectivity, these results show a high po-
tential for realizing a gas sensors array, containing the bare
CuO/Cu2O, the MPA Au NPs, and the citrate Au NPs. For
example, if all sensors react to a gas mixture, it is a strong

indicator that a HCMix component is present. If both Au NP
functionalized sensors react, CO2 is measured. However, if
only the citrate Au NPs sensor reacts, it is an indicator of
CO.

6.4 Influence of the relative humidity

The relative humidity (RH) has been shown to have a signif-
icant impact on the resistance baseline of SMOX-based sen-
sors (see Fig. 8, which illustrates the resistance change nor-
malized to 25 % RH). The used normalized resistance change
is calculated after Eq. (2), where Rx RH is the baseline resis-
tance at a defined humidity andR25 RH the baseline resistance
at 25 % RH. It is evident from the data that an increase in the
humidity to 50 % RH results in a reduction in the baseline re-
sistance, with the exception of the MPA-stabilized Au NPs,
which exhibit a slight increase. Furthermore, an increase in
the relative humidity to 75 % results in a slight increase in
baseline resistance when compared to the 50 % RH. Notably,
citrate Au NPs and PEG–MUA Au NPs demonstrate an ele-
vated baseline resistance at 75 % RH in comparison to their
baseline resistance at 25 % RH.

normalized resistance change=
(
Rx% RH

R25 %RH
· 100

)
− 100%

(2)

The relative humidity has a significant effect on sensor
response of CO2 (Fig. 9) of the various stabilized Au NPs.
The pure CuO/Cu2O (Fig. 9a) does not exhibit a sensor re-
sponse to CO2 exposure. The citrate (Fig. 9b) shows an in-
crease of the sensor response by an increase in the relative
humidity. In the case of citrate Au NPs (Fig. 9c), the sen-
sor response at 25 % RH is the highest across all humidity
levels. An increase in humidity to 50 % resulted in a reduc-
tion in sensor response, whereas an increase to 75 % RH led
to an enhancement in sensor response. However, the concen-
tration dependency is not affected by the different humidity
levels. It is demonstrated that the sensor response at con-
centrations of 1000 and 2000 ppm is comparable across all
humidity levels. The sensor is capable of distinguishing be-
tween the lower concentrations and 4000 ppm at all humidity
levels. The MPA Au NP (Fig. 9d) and PEG–MUA Au NP
(Fig. 9e) functionalized sensors demonstrate a reduction in
sensor response with an increase in RH. At 75 %, the sensors
exhibit no response to CO2 anymore.

Figure 10 illustrates the sensor response towards HCMix
at concentrations of 5, 10, and 20 ppm at varying RH. The
pure CuO/Cu2O (Fig. 10a) exhibits a stable sensor response
of approximately 5 % at varying RH. However, the sensor is
already saturated at 5 ppm, which precludes the possibility
of distinguishing between higher concentrations. The sen-
sor that has been functionalized with citrate demonstrates
a slight increase in sensor response to higher humidity lev-
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Figure 6. Resistance measurement during the exposure of 1000, 2000, and 4000 ppm of CO2 at 300 °C and 50 % RH.

Figure 7. Sensor response towards 4000 ppm CO2, 20 ppm CO,
and HCMix at 300 °C and 50 % RH.

els. The sensors with citrate-stabilized (Fig. 10c) and PEG–
MUA-stabilized (Fig. 10e) Au NPs achieve the highest sen-
sor response at 50 % RH. The sensors also reach saturation
at 10 ppm, but it is possible to distinguish between 5 and
10 ppm at all humidity levels. The MPA Au NPs (Fig. 7d)
result in a stable sensor response at 50 % and 75 %.

Figure 11 illustrates the sensor response towards CO for
concentrations of 5, 10, and 20 ppm at various RH. The sen-
sors comprising pure CuO/Cu2O (Fig. 11a) and functional-
ized with MPA-stabilized Au NPs (Fig. 11d) did not exhibit
a sensor response to the CO test gas. In the case of citrate
(Fig. 11b) and citrate Au NPs (Fig. 11c), the sensor response
exhibits a slight increase with rising RH. Conversely, the

Figure 8. Normalized resistance change caused by the change of
25 %, 50 %, and 75 % RH levels.

PEG–MUA Au NPs (Fig. 11e) demonstrate a sensor response
of only 4.8 % for 20 ppm at 50 % RH. Notably, the sensor re-
sponse to CO is particularly weak in comparison to the other
test gases.

6.5 Temperature dependence

Figure 12 illustrates the measurement of the pure CuO/Cu2O
and functionalized sensors. The pure CuO/Cu2O (red line)
demonstrates no change in resistance during exposure to
4000 ppm CO2. The base resistance is not particularly sta-
ble, exhibiting an increase in noise with an increase in tem-
perature. In the case of the MPA (black line) and PEG–MUA
(blue line) Au NPs sensors, no change in resistance was ob-
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Figure 9. Sensor response towards 1000, 2000, and 4000 ppm CO2 at 25 %, 50 %, and 75 % RH of (a) bare CuO/Cu2O and functionalized
with (b) citrate, (c) citrate Au NPs, (d) MPA Au NPs, and (e) PEG–MUA Au NPs.

Figure 10. Sensor response towards 5, 10, and 20 ppm HCMix at 25 %, 50 %, and 75 % RH of (a) bare CuO/Cu2O and functionalized with
(b) citrate, (c) citrate Au NPs, (d) MPA Au NPs, and (e) PEG–MUA Au NPs.
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Figure 11. Sensor response towards 5, 10, and 20 ppm CO at 25 %, 50 %, and 75 % RH of (a) bare CuO/Cu2O and functionalized with
(b) citrate, (c) citrate Au NPs, (d) MPA Au NPs, and (e) PEG–MUA Au NPs.

served. However, the base resistance exhibited greater stabil-
ity across the entire temperature range. The sensor function-
alized with citrate (orange line) demonstrates a change in re-
sistance at all temperatures during the exposure period. How-
ever, the baseline resistance of citrate-functionalized sensors
exhibits a drift at temperatures above 320 °C. Notably, the
sensors functionalized with citrate Au NPs also display a
change in resistance during the exposure. The baseline is
noisy but does not show a drift over the temperature range.

Figure 13 illustrates the sensor response of citrate and cit-
rate Au NP functionalized sensors. It can be observed that
the sensor response at higher temperatures is significantly re-
duced in comparison to the sensor response at 300 °C. Addi-
tionally, the sensor response of citrate functionalized sensors
exhibits a maximum at 360 °C. Conversely, the sensors with
citrate Au NPs demonstrate a decline in sensor response as
the operating temperature increases.

7 Conclusions and outlook

We fabricated a metal oxide gas sensor based on CuO/Cu2O
for CO2 detection. The CuO/Cu2O phases and mixtures were
checked by GIXRD measurement, and the surface structure
was examined by SEM. The gas-sensing performance of the
materials towards CO2 was investigated by resistance mea-
surements. Moreover, cross-sensitivity of the sensors was
tested against other gases such as CO and HCMix. The type

of ligands has an impact on the sensing behaviour of CuO-
based sensors. For HCMix, the response is almost the same
for all three types of Au NPs, while the citrate-stabilized Au
NPs are the best choice for optimizing the CO2 response. The
sensor response to CO2 strongly depends on the used ligands;
the highest sensor response (39 %) for CO2 is achieved by Au
NPs stabilized with citrate. Moreover, the sensors that have
been functionalized with citrate without Au NPs demonstrate
a good sensor response of 26 % for CO2. The SEM inves-
tigation demonstrated that the clustering of Au NPs in the
case of citrate Au NPs and MPA Au NPs resulted in an en-
hanced sensor response towards CO2 compared to the PEG–
MUA Au NPs, which exhibited a more uniform distribution
over the CuO/Cu2O surface. In the case of CO2, the sensor
can only distinguish between high and low concentrations. A
change of the reaction mechanism might explain this obser-
vation. The response to CO depends on the ligands as well.
Sensors with MPA-stabilized Au NPs show no response to
CO. It is imperative to utilize Au NPs in comparison to cit-
rate as Au NPs stabilize the base resistance and also mitigate
the impact of humidity.

These differences in behaviour of the functionalized films
in dependence of their ligands could be due to different in-
sufficient thermal degradation of the ligands. Organic resid-
uals at 300 °C operations might hamper the interaction of the
gas molecules with the Au NPs and the CuO surface. Fur-
thermore, the ligands have an influence on the sensor depen-
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Figure 12. Resistance measurement during the exposure of 4000 ppm of CO2 and 50 % RH at an increasing sensor temperature from 320 to
400 °C with 20 °C steps.

Figure 13. Sensor response over the temperature range from 300
to 400 °C for CuO/Cu2O functionalized with citrate and citrate Au
NPs.

dence on humidity for the different test gases. It is possible
that the observed phenomena may be attributed to interac-
tions between the organic residuals, specifically the bonding
of sulfur groups to the Cu. It is also reported in the literature
(Ihs and Liedberg, 1990) that MPA can be easily adsorbed
by linking the sulfur group to the surface of Au or Cu. Addi-
tionally, the reactions of these organic residuals with the H2O
molecules may also be a contributing factor. Further investi-
gations, e.g. studies of other ligands and NPs, are necessary
to reveal the reason for this behaviour.
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