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Abstract. 1 

Nanoparticles of noble metals are known to have a catalytic effect on the performance of SnO2 2 

nanomaterial as a gas sensing material. In this work, Ag, Pt and Ag-Pt bimetallic nanoparticles 3 

were used to decorate thin films of SnO2 making different gas sensors. Both Ag and Pt alone 4 

improved the sensor performance, but the bimetal alloy improved the sensor performance much 5 

more. The right ratio of the bimetal made the sensor very sensitive to NH3, so that it was able 6 

to quickly (12 s) detect 1 part per million of NH3 with a response of 4.31 at a temperature of 7 

250 °C. The sensor limit of detection for NH3 was less than 10 parts per billion. The response 8 

of the sensor was negligibly affected by humidity and interfering gases. The results showed that 9 

the tiny and inexpensive sensor developed in this work can be used in breath analysis for early 10 

diagnosis. 11 

Keywords: ammonia, gas sensor, SnO2 nanofilm, Ag-Pt nanoalloy, breath diagnosis. 12 
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Introduction 1 

In recent years, the development of small, simple and inexpensive sensors for detecting specific 2 

gases for different applications has attracted a lot of attention from materials scientists. 3 

Ammonia (NH3) is a harmful gas present in the atmosphere and increasingly emitted by human 4 

activities [1]. The human nose can detect NH3 at a concentration of 30–50 parts per million 5 

(ppm) [2], but it is already harmful below this threshold [3].   6 

In addition to industrial processes, NH3 is also produced in the human and animal body by the 7 

metabolism of amino acids and proteins [4]. In normal conditions, NH3 is absorbed and 8 

metabolized in the liver to a waste product called urea and excreted in the urine. If the body is 9 

unable to process NH3 and reduce its amount, it will build up in the blood and reach a level that 10 

can lead to serious health problems, including brain damage, coma and even death. The 11 

detection of NH3 in the breath agrees well with the blood urea nitrogen (BUN) medical test, 12 

which is the reference technique for this type of measurement. A gas sensor can therefore be 13 

used to monitor the level of NH3 in the blood as long as it is capable of detecting concentrations 14 

around one part per million (ppm) [5]. The breath test is quick, non-invasive and simple to use 15 

compared to blood tests which are time consuming and labor intensive, and therefore can also 16 

be used to evaluate liver function and NH3 cycle problems, as well as infections such as those 17 

caused by common and dangerous Helicobacter pylori [6]. 18 

Tin oxide is one of the most widely used metal oxides in resistive gas sensors, but unfortunately 19 

its sensitivity is not sufficient to detect the low concentrations required for breath analysis. Yi 20 

et al. reported on pure SnO2 that had a response from 1.25 (at 200 °C) to 1.32 (at 350 °C) 21 

towards 100 ppm of NH3 [7]. Guo et al. calculated a response of 1.45 for mesoporous SnO2 22 

tested at 260 °C towards 100 ppm of NH3 [8]. These response values are quite low and need to 23 

be improved for practical application. In recent years, the improvement has been made, for 24 

example, by means of surface decoration with metal nanoparticles (Ag, Au, Pd, Pt...) which 25 

promotes the spill-over and the Fermi-level control [9–14]. Among these metal catalysts, Pt is 26 
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one of the most used, as it greatly improves the response of the MOS sensors. For example, 1 

Wang and his group showed that the surface decoration of SnO2 with platinum increases the 2 

response from 1.2 to 24.0 towards 200 ppm of NH3 at 160 °C [15]. Shahabuddin et al. confirmed 3 

that Pt increased the SnO2 response from 1.60 (at 250 °C) to 25.7 (at 230 °C) towards 450 ppm 4 

of NH3 [16]. Silver has also been shown to have a positive influence on the sensing performance 5 

of MOS sensors [17]. Hwang and coworkers found that SnO2 decorated with Ag nanoparticles 6 

working at 450 °C showed a 3.7-fold improvement over pure SnO2 in response to 100 ppm 7 

ethanol [18]. Recently, the properties of Ag-Pt alloy nanoparticles have also attracted a lot of 8 

attention from many researchers. It has been shown to have greater effect than the individual 9 

metals in electrocatalysis, photocatalysis (degradation of methyl orange) and low-temperature 10 

oxidation of methanol [17,19–21]. To our knowledge, decoration with Pt-Ag alloy 11 

nanoparticles has not yet been studied in the field of gas sensors. In this work, sputtering is used 12 

to fabricate resistive gas sensors based on pure SnO2, Pt/SnO2, Ag/SnO2 and Pt-Ag/SnO2, and 13 

their performance in detecting low concentrations of NH3 for biomedical applications are 14 

studied.  15 

 16 

Experimental 17 

The deposition and patterning of the electrodes and the sensing material are described step by 18 

step in Fig. 1. Two metal electrodes and a microheater, composed of two layers of Cr/Pt (5/100 19 

nm) were deposited by UV lithography, sputtering and lift-off on SiO2/Si substrates. The 20 

sensing materials ( pure SnO2, Ag/SnO2, Pt/SnO2 and Pt-Ag/ SnO2) were then deposited in the 21 

form of thin films that connect the two electrodes on each sensor. The parameters for SnO2 22 

sputtering were 5x10-3 mTor, 30 W and 20/10 sccm of Ar/O2 flow rate, while for electrodes and 23 

metal catalysts sputtering they were 10 W and an Ar flow of 30 sccm.  24 

The thickness of the SnO2 film was around 50 nm in all samples, while the thicknesses of the 25 

Ag and Pt layers were varied to investigate their influence on the sensor performance. The 26 
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different thicknesses of the Ag and Pt layers were controlled by the sputtering time: 20, 40 and 1 

80 seconds to obtain Ag layers of 1, 2 and 4 nm, respectively, and 30, 60 and 120 s to obtain Pt 2 

layers of 1, 2 and 4 nm, respectively. It should be noted that sputtering of a few nm did not 3 

produce a continuous layer of material, but for simplicity in this work the layer thickness will 4 

be used to name the samples: depending on the nominal thickness of the sensing material layers, 5 

the samples were named as SnO2, P1, P2, P4, A1, A1P1, A1P2, A1P4, A2P2 and A4P2 (see 6 

Table 1). 7 

 8 

Figure 1. Scheme of the sensor fabrication steps. 9 

 10 

Table 1. Prepared sensor samples, the name of which reflects the materials used and their thickness. 11 

No. Material Sputtering time (s) Thickness (nm) Sample name 

1 SnO2 420 50 SnO2 

2 Pt 30 1 P1 

3 Pt 60 2 P2 

4 Pt 120 4 P4 
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5 Ag 20 1 A1 

6 Ag/Pt 20/30 1/1 A1P1 

7 Ag/Pt 20/60 1/2 A1P2 

8 Ag/Pt 20/120 1/4 A1P4 

9 Ag/Pt 40/60 2/2 A2P2 

10 Ag/Pt 80/60 4/2 A4P2 

 1 

All samples were heat treated at 500 °C in ambient air for 3 hours in order to stabilize the 2 

nanomaterial and improve its sensing performance. Morphology, structure and composition of 3 

the thin films were investigated using scanning electron microscopy (SEM), X-ray diffraction 4 

(XRD), energy dispersion spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS). 5 

The sensors were characterized in a home-built system comprising a measurement chamber 6 

with a hot plate as sensor holder, microprobes and gas flow controllers connected to high purity 7 

gas bottles. The sensors signal was acquired through a Keithley 2450 Sourcemeter and 8 

processed with a home-built data acquisition system developed in LabView (National 9 

Instruments) environment. The devices were initially measured at different temperatures of 200, 10 

250, 300 and 350 °C, with selected concentrations of 250, 100, 50 and 25 ppm of NH3. The 11 

sensor response was defined as S = Rair/Rgas, where Rair and Rgas were respectively the resistance 12 

of the sensor in presence of air and target gas. Response time and recovery time were calculated 13 

as the time it took for the sensor to reach 90% of the maximum response and to drop to 90% of 14 

full recovery, respectively. The limit of detection was calculated as 3
𝑛𝑜𝑖𝑠𝑒𝑟𝑚𝑠

𝑠𝑙𝑜𝑝𝑒
, where noiserms 15 

was the standard deviation of the sensor signal and slope was the derivative of the sensor 16 

response as a function of the NH3 concentration. 17 

 18 

Results and discussion 19 

SEM images of three thin films used as sensing materials are shown in Fig. 2. Figure 2(A) and 20 

(B) show the pure SnO2 film, respectively from the top and from the side. The film is uniform 21 

with small grains (16-34 nm) without cracks and with a thickness of about 50 nm. Figures 2(C) 22 
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and (D) show the samples P2 and A1P2, respectively. Here, the sensing materials tend to cluster 1 

into larger particles (35-55 nm) than in the pure SnO2 sample, but the films are still uniform. 2 

 3 

Figure 2. SEM images of thin films of sensing materials. A) and B) pure SnO2 (top view and cross 4 

section); C) P2 sample, D) A1P2 samples (both top view). 5 

 6 

The crystal structures of the films studied by XRD are shown in Fig. 3(A). As the film thickness 7 

was just 50 nm, the intensity of all diffraction peaks was quite weak. The black pattern at the 8 

bottom comes from the pure SnO2 film, showing four peaks at angles of 26.6°, 33.9°, 37.9° and 9 

51.8°, corresponding to planes (110), (101), (200) and (211) of the rutile structure of SnO2, 10 

respectively. This result is consistent with the JCPDS card 41-1445 of SnO2 [22]. Going up, the 11 

other patterns correspond to samples A1 (in red), P2 (in green) and A1P2 (in blue). In pattern 12 

A1, two additional peaks at 38.1° and 44.3° are present, indexed by a yellow triangle as planes 13 

(111) and (200) from Ag nanoparticles according to JCPDS card 04-0783 [23]. The position of 14 

the peak relative to the Pt nanoparticles is indicated by a red star in the pattern of P2 sample at 15 

40.0°, corresponding to the plane (111) of Pt (JCPDS card 65-2868). For the A1P2 sample 16 

pattern, the intensity of the Ag and Pt peaks is significantly reduced, and this may indicate a 17 
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conversion of Ag and Pt to another structure. In all patterns, the strongest peak at 33.0° comes 1 

from the Si substrate. Using the Scherrer equation to estimate the crystallite size of the SnO2 2 

nanostructured thin film, we obtained values of approximately 5.6 nm. The EDS spectrum of 3 

the thin film A1P2 in Fig. 3 (B) shows that the elements Sn, O, Ag and Pt are present as 4 

expected, while there are no other elements indicating impurities. The EDS spectrum indicates 5 

that both Ag and Pt are present in very small amounts, of 1.7 and 0.9%, respectively.  6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

Figure 3. (A) XRD patterns of the SnO2, A1, P2, and A1P2 sensing films; (B) EDS spectrum 15 

from the A1P2 sensor. 16 

 17 

X-ray photoelectron spectroscopy (XPS) analysis was carried out to clarify the chemical 18 

composition of the samples A1, P2 and A1P2, and the wide-scan spectra are shown in Fig. 4(A). 19 

All samples consisted of Sn, O, Pt and/or Ag. In Fig. 4(A) the Pt 4f peaks are visible, confirming 20 

the presence of platinum in the samples P2 and A1P2. Similarly, Ag 3d peaks are present which 21 

confirm the existence of silver in samples A1 and A1P2. The high-resolution spectrum in Fig. 22 

4(B) shows that the main photoelectronic lines of Pt 4f are visible in the spectra of samples P2 23 

and A1P2, but not in that of sample A1, as expected. Fig.4(B) shows two distinct peaks at 74.8 24 

and 71.6 eV, respectively assigned to 4f5/2 and 4f7/2 signals from metallic Pt0 [24]. The Pt 4f 25 

doublet in the spectrum of the Ag-Pt alloy sample (A1P2) is negatively shifted by 0.4 eV 26 

compared to that of the sample with pure Pt (P2) at 71.6 eV. The negative shift of the peaks 27 
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indicates a change from the Pt−Pt binding energy induced by the change in the electronic 1 

structure of Pt due to the interaction with Ag to form the alloy [25,26].  2 

 3 

                                                                                       4 

Figure 4. (A) XPS wide-scan spectra of the samples A1 (red), P2 (green) and A1P2 (blue); (B) 5 

high-resolution XPS spectra of Pt 4f of samples A1, P2 and A1P2; (C) high-resolution XPS spectra 6 

of Ag 3d of samples A1, P2 and A1P2. 7 

 8 

The high-resolution spectra in Fig. 4(C) show that the main photoelectronic lines of Ag 3d are 9 

visible in samples A1 and A1P2, but not in that of sample P2, as expected. The figure shows 10 

two distinct peaks at 374.6 and 368.6 eV, assigned to the 3d3/2 and 3d5/2 signals of metallic Ag0 11 

[24]. The peaks in Fig. 4 (C) show a negative shift similar to that in Fig. 4 (B). The observed 12 

negative shift of the Ag 3d peaks is an indication of the charge transfer phenomena due to the 13 

formation of the Ag-Pt bimetallic nano-alloy, which leads to the change of the binding energy 14 
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from the metallic state of Ag [25,27]. According to [28], each peak is the convolution of two 1 

contributions corresponding respectively to Ag0 and Ag+ species. 2 

The sensing response of the different thin films (pure SnO2, SnO2 decorated with Ag, with Pt 3 

and with Ag-Pt in different ratios) were studied as the dynamic resistance versus time. Each 4 

sensor was measured at four temperatures (200, 250, 300 and 350 °C) towards different 5 

concentrations of NH3 (25, 50, 100 and 250 ppm), to compare their performance. 6 

 7 

Figure 5. (A) Dynamic resistance of the pure SnO2 sensor upon exposure to different 8 

concentrations of NH3 at four temperatures; (B) Response of the sensor as a function of NH3 9 

concentration; (C) Response of the sensors decorated with Pt (P1, P2 and P4) and Ag (A1) to 100 10 

ppm of NH3, compared with that of the pure SnO2 sensor, as a function of the working temperature. 11 

 12 

Fig. 5(A) shows the dynamic resistance of the pure SnO2 sensor at four temperatures. It is clear 13 

that the resistance suddenly drops as soon as NH3 is injected into the measurement chamber 14 

and recovers its original value when the NH3 flow is interrupted and an air flow is instead 15 

introduced into the chamber. This behavior is typical of n-type semiconductors when exposed 16 
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to reducing gas. It can also be seen from Fig. 5(A) that response time and recovery time decrease 1 

with increasing temperature. As the temperature increases from 200 to 350 °C, the average 2 

response time drops from 10.5 to 5.5 s, while the average recovery time drops from 1100 to 200 3 

s. From the plots in Fig. 5(A), the sensor responses were calculated according to the definition 4 

given in the previous section for all NH3 concentrations at the four temperatures and plotted in 5 

Fig. 5(B). At all temperatures the response increases with NH3 concentration, as expected. The 6 

highest response values of 3.12, 3.77, 5.28 and 8.57 to 25, 50, 100 and 250 ppm of NH3, 7 

respectively, were obtained at 300 °C. 8 

Figure 5(C) shows the comparison between the responses towards 100 ppm of NH3 of the 9 

sensors decorated with platinum (P1, P2 and P4), with silver (A1) and that of the pure SnO2 10 

sensor, as a function of temperature. The sensors decorated with Pt show much higher responses 11 

than the pure SnO2 sensor, and the greater the amount of Pt, the greater the response to NH3. 12 

As in the case of pure SnO2, the maximum response occurs at 300 °C for all sensors, with the 13 

exception of sensor P1, for which it occurs at 250 °C. The maximum responses obtained are 14 

5.28, 14.24, 15.29 and 34.78 respectively for the pure SnO2, P1, P2 and P4 samples, 15 

demonstrating that surface decoration with Pt nanoparticles greatly improves the sensor 16 

performance. 17 
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 1 

Figure 6. (A) Dynamic resistance of the A1P2 sensor upon exposure to different concentrations of 2 

NH3 at various temperatures; (B) Calculated response of the A1P2 sensor; (C) Responses of all 3 

five Ag-Pt decorated sensors to 100 ppm of NH3, as a function of the working temperature. 4 

 5 

Since the sample decorated with 1 nm Ag (sample A1 in Table 1) also showed an improvement 6 

in sensor response towards NH3 in Fig 5(C), the five sensors decorated with Ag-Pt alloy A1P1, 7 

A1P2, A1P4, A2P2 and A4P2 were investigated and compared. Figure 6(A) shows the dynamic 8 

resistance of sample A1P2, measured at different temperatures, at four different concentrations 9 

of NH3. Comparing Fig. 6(A) with Fig. 5(A) it is clear that the resistance in air of the A1P2 10 

sensor is much higher than that of the pure SnO2 sensor, especially at high temperatures (5 MΩ 11 

instead of 220 kΩ at 350 °C). However, the behavior of the sensor is the same, namely the 12 

resistance undergoes a drastic drop when the sensor is exposed to NH3 and returns to its original 13 

value when the sensor is exposed to dry air. Fig. 6(A) shows that the response time is only 12 14 

s and the recovery time is 100 s at 250 °C, while the response time is 26 s and the recovery time 15 

is 560 s at 200 °C. Generally, the performance of the sensor improves with the increase of 16 
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temperature, but its performance at 250 °C is particularly interesting as is can be seen in Fig. 1 

6(C). Figure 6(B) shows the sensor responses plotted as a function of the NH3 concentration for 2 

different working temperatures. It is evident that the response increases almost linearly with the 3 

concentration of NH3 at all temperatures. The response at low concentrations increases 4 

markedly as the temperature increases from 200 to 250 °C, and then decreases as the 5 

temperature increases. The response value of the A1P2 sensor at 250 C increases from 78.84 6 

to 263.78 as the NH3 concentration increases from 25 to 250 ppm. At 300 °C, the response 7 

value raises from 43.46 to 325.53 at the same concentrations. Since the sensor is expected to 8 

operate at low NH3 concentration (e.g. for breath analysis applications where NH3 9 

concentrations are approximately 1 ppm), the working temperature of 250 °C is chosen for 10 

further experiments. Figure 6(C) shows the response to 100 ppm of NH3 of the sensors 11 

decorated with different amounts of Ag and Pt, as a function of the working temperature. It is 12 

clear that the A1P1 and A1P2 sensors achieve a far higher response at all temperatures than the 13 

other sensors, with the maximum value at 250 °C. At this temperature, the A1P1 sensor gives 14 

its maximum response of 173.4, while the A1P2 sensor gives an even higher response, of 180.9. 15 

Comparing the plots in Fig. 6(C), it is evident that the right amount of Ag and Pt used to decorate 16 

the surface of the SnO2 thin film is very important for its sensing properties. These results agree 17 

with the studies by Peng [17] and Wisniewska [21] which showed that the Ag/Pt ratio affects 18 

the catalytic activity of the alloy. Since the A1P2 sample showed the best sensing performance, 19 

further experiments were carried out at lower NH3 concentrations with this sensor at its optimal 20 

working temperature of 250 °C. The dynamic resistance of the A1P2 sensor in response to NH3 21 

concentrations from 0.25 to 5 ppm is shown in Fig. 7(A). It is evident that even at the 22 

concentrations below 1 ppm, the resistance drops drastically as soon as NH3 is injected into the 23 

measurement chamber. The response values obtained for 0.25, 0.5, 1, 2.5 and 5 ppm are 1.50, 24 

2.94, 4.31, 9.61 and 18.17, respectively. The limit of detection of the sensor towards NH3 was 25 

calculated as 10 ppb. It should be noted that the calculation formula used here (see the end of 26 
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the Experimental section) produces an overestimated value of the limit of detection. This result 1 

demonstrates that the A1P2 sensor is suitable for use in early diagnostic applications through 2 

breath analysis, not only for its good and rapid response to NH3, but also because of its low 3 

limit of detection towards this gas. However, breath analysis poses other challenges, such as 4 

moisture and other biomarkers present in the breath, which can interfere with the detection of 5 

the target NH3 gas, as well as the stability of the sensor in such environment. 6 

 7 

 8 

Figure 7. (A) Dynamic resistance of the A1P2 sensor at 250 °C to various concentrations of NH3; 9 

(B) Sensor response to NH3 in different humidity conditions; (C) Sensor selectivity at 250C 10 

towards different gases; (D) Stability of the A1P2 sensor during seven response-recovery cycles to 11 

25 ppm NH3 at 250C. 12 

 13 

For this reason, the sensor was tested at the optimal temperature of 250 °C in various humidity 14 

conditions: dry air, 45%, 60%, and 90% RH. The results, shown in Fig. 7(B), demonstrate that 15 
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the sensor response changes negligibly under very different humidity conditions, especially at 1 

the lower concentrations of NH3. Furthermore, the selectivity of the A1P2 sensor was tested at 2 

250 °C towards 250 ppm of NH3, ethanol, acetone, methanol, CO and CH4 (as possible 3 

interfering gases in human breath), as shown in Fig. 7(C). The sensor shows excellent 4 

selectivity (the logarithmic scale for the Y axis should be noted) with response values of 263.78, 5 

1.75, 1.31, 2.07, 2.21 and 1.63 for NH3, ethanol, acetone, methanol, CO and CH4, respectively. 6 

Considering the definition of selectivity as the ratio between the response to the target gas and 7 

the response to the most difficult interferer, a value of about 120 is obtained. Finally, the 8 

stability of the sensor was tested by measuring seven response-recovery cycles to 25 ppm of 9 

NH3 at the working temperature of 250 °C. The results in Fig. 7(D) show that the sensor 10 

response is fast and stable. 11 

As can be seen in Fig. 4(C), the response of the samples A1 and P2 to 100 ppm NH3 at 250 °C 12 

are 4 and 11, respectively, whereas the response of the sample A1P2 in Fig. 5(C) under the 13 

same conditions is 176. Notably, the sample A1P2 decorated with the bimetal catalyst has the 14 

same amount of Ag and Pt as the two samples A1 and P2 with single catalysts. Therefore, the 15 

sensing mechanism underlying the huge improvement of the sensor performance might be 16 

attributed to the increased catalyst properties of the Ag-Pt bimetallic nanoalloy particles 17 

compared to those of the single metallic Ag or Pt particles with which the other samples are 18 

decorated.  19 

It is believed that the amount of Ag equivalent to 1 nm layer cannot form a continuous Ag layer, 20 

but clusters of a few Ag atoms on the rather rough surface of SnO2, as shown in Fig. 2. The 21 

dispersed Ag NPs react with Pt when in contact, especially during the heat treatment at 500 °C 22 

for 3 hours. The diffusion of Ag into Pt changes their chemical state, as a large number of Ag 23 

atoms are included in the alloy. Since the electronegativity of Pt is higher than that of Ag (2.29 24 

vs. 1.92), it is reasonable to assume that the amount of Pt is large enough to consume as much 25 

Ag as possible to form the alloy, without covering the whole surface of the underlying SnO2 26 
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material. This is clearly manifested in Fig. 6(C), where the optimal ratio between Ag and Pt is 1 

1 to 2 nm. The ratio between the two materials is therefore important as they form alloy, because 2 

it tunes the catalytic effect of the nanoparticles [21], improving the sensor performance. In our 3 

previous publication [29], the SnO2 film decorated with a 5 nm layer of Pt showed the highest 4 

response of 46.3 to 100 ppm NH3 at the working temperature of 250 °C. It is clear that the 5 

catalytic effect of the Ag-Pt nanoalloy significantly improved the sensing properties to NH3 6 

compared to the single metals. 7 

The superior catalytic effect of the bimetallic NPs [30] can be explained by two different 8 

mechanisms. On one hand, the metallic nanoparticles on the SnO2 surface are more reactive 9 

than the metal oxide and help to dissociate the impinging gas molecules. In this way, when the 10 

sensor is in air, the presence of bimetallic catalytic NPs helps the transformation of neutral 11 

oxygen molecules into O− ions with high chemical activity. This results in a higher density of 12 

oxygen adsorbed on the surface of the thin film, and therefore a more intense depletion of the 13 

charge carriers from its lattice (Fig. 9, in air), causing an increase in the sensor resistance. The 14 

NH3 molecules hitting the surface of the Ag-Pt-decorated SnO2 sensor interact with the 15 

adsorbed oxygen according to Equation (3.1), releasing electrons: 16 

2NH3 + 3O(ADS)
− →  N2 +  3H2O + 3e−    (1) 17 

2NH3 →  2NH2 +  H2      (2) 18 

The electrons released in the reaction return to the nanostructured thin film and participate again 19 

in conduction, thus lowering the resistance of the sensor (Fig. 9, in NH3 environment). Since 20 

the sensor response is defined as the ratio between its resistance in air and its resistance in NH3 21 

environment, the high initial resistance in air due to the presence of catalytic nanoparticles can 22 

greatly increase its value. 23 
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  1 

Figure 9. The mechanism of gas sensing of the SnO2 sensor modified by Ag/Pt. 2 

 3 

On the other hand, a Schottky barrier is formed at the interface between the metallic 4 

nanoparticle and the metal oxide semiconductor. This happens because the work function of 5 

Ag-Pt alloy is AgPt = 5.2 eV [31], while that of SnO2 is SnO2
 = 4.6 eV [32]. The equalization 6 

of the Fermi level in the two materials creates a potential barrier that is proportional to the 7 

difference between the metal-vacuum work function and the semiconductor-vacuum electron 8 

affinity. As can be seen in Fig. 9, the band bending due to the metal-semiconductor interface 9 

attracts the electrons from SnO2 to the Ag-Pt alloy creating a depletion layer in the SnO2. This 10 

depletion zone reduces the number of electrons that can participate in conduction similarly to 11 

that on the surface of the thin film (due to oxygen adsorption) and therefore greatly increases 12 

the sensor resistance: 5 MΩ instead of 220 kΩ, as can be seen by comparing the plots at 350 °C 13 

in Fig. 6(A) and 5(A). When the NH3 molecules come into contact with the sensor, they react 14 

with the adsorbed oxygen according to Eq. (1), or they dissociate as a result of the catalytic 15 

bimetal NPs, according to Eq. (2). The atomic hydrogen then diffuses into the metal catalyst 16 

forming intermediate compounds and thus reducing the Schottky barrier at the interface 17 

between the metal and the semiconductor. This reduces the depletion zone, thereby releasing 18 

electrons and greatly reducing the sensor resistance. The improved response of the decorated 19 
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sensor comes mainly from the initial condition of the nanostructured thin film, which is much 1 

more deeply depleted of electrons than that of the pure SnO2 thin film. When the NH3 molecules 2 

and their radicals react with the absorbed oxygen releasing electrons, the conductivity of the 3 

material increases strongly, leading to an ultra-high response. A higher response is especially 4 

important because it leads to a lower limit of detection. 5 

 6 

Conclusions 7 

In an attempt to develop an NH3 gas sensor for breath analysis, different gas sensors based on 8 

pure SnO2 thin films and on SnO2 thin films decorated with Ag, Pt and Ag-Pt NPs were 9 

fabricated and tested against different concentrations of NH3 at different temperatures. It was 10 

found that decoration with the metallic NPs as catalysts always improved the performance of 11 

the sensors, and that the nanoalloy of Ag and Pt led to the best results. Furthermore, the amount 12 

of Ag and Pt could be adjusted to obtain the optimal response. The best performance were 13 

obtained with the SnO2 sensor decorated with both Ag (1 nm) and Pt (2 nm) working at 250 °C. 14 

At 250 °C the sensor responded strongly to 1 ppm NH3 (response of 4.31 ) and quickly (response 15 

time of 12 s) showing a very low detection limit of 10 ppb. The sensor response was stable and 16 

negligibly affected by humidity in a wide range (0 - 90% RH) or by interfering gases such as 17 

ethanol, acetone, methanol, CO and CH4 (selectivity of 120). The results demonstrated that the 18 

SnO2 sensor decorated with both Ag and Pt, equivalent to sputtered layers of 1 and 2 nm 19 

respectively, is an ideal candidate for breath analysis applications.  20 
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