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Abstract 

Automobile exhaust gas emissions are causing serious damage to urban air quality in and around 

major cities of the world, which demands continuous monitoring of exhaust emissions. The chief 

components of automobile exhaust include carbon monoxide (CO), nitrogen oxides (NOx) and 

hydrocarbons. Indium zirconate (InZrOx) and gold/indium zirconate (Au/InZrOx) composite 

nanopowders are believed to be interesting materials to detect these substances. To this end, 

characterization and gas sensing properties of InZrOx and Au/InZrOx composite nanopowders are 

discussed. InZrOx nanoparticles with In/Zr atomic ratio of 1.00 (± 0.05) are synthesized via pH-

controlled co-precipitation of In and Zr salts in aqueous ammonia. Gold (Au) nanoparticles are 

subsequently deposited on InZrOx using an in situ sacrificial Au electrolysis procedure. The 

products are characterized by scanning electron microscopy (SEM) and x-ray photoelectron 

spectroscopy (XPS). The gas sensing performance of Au/InZrOx composite nanopowder is studied 

by depositing a thick powder film on interdigitated electrode structures patterned on SiC substrate 

to facilitate high temperature operation. The resistivity of the Au/InZrOx layer is the sensor signal 

and the sensors could be operated at 500-600 °C, which is a suitable temperature range for engine 

exhaust measurements. The control sensing measurements reveal that Au/InZrOx composite 

nanopowder exhibits higher response towards 2-20 % O2 gas as compared to pristine InZrOx 

nanoparticles. Further studies show that when applied to exhaust gases such as CO and nitric oxide 

(NO), the response of Au/InZrOx sensors is significantly higher towards NO in this temperature 

range. Thus, sensor performance characteristics of Au/InZrOx composite nanopowder are 

promising in terms of their applications in automobile exhaust emission control. 

Keywords 

Electrolysis; Exhaust emission control; Gas sensors; Gold; Indium zirconate; 

Nanomaterials 
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1. Introduction 

The electronic gas sensors have found numerous applications in the past few decades including 

detection of hazardous combustible gases, industrial process and quality control, biomedical 

diagnostics, as well as monitoring automobile exhaust emissions [1]. Among these applications, 

detection of automobile exhaust gases specifically requires robust solid-state sensing devices that 

are stable and capable of withstanding harsh conditions such as temperature in the range of 500-

600 °C [2–5]. Metal oxide based chemoresistive devices are particularly attractive for this purpose 

due to their simple structure, ease of fabrication, excellent miniaturization capability, ruggedness, 

and low cost [5, 6]. To date, a large number of metal oxides have been explored for their 

sensitivity towards various exhaust gases and they have been reviewed extensively in recent years 

[6–12]. 

In principal, the operation of chemoresistive devices is based on the changes in resistance, when 

they are exposed to varying concentrations of target analytes in the surrounding gaseous phase. 

This change in resistance in response to varying gas concentration is dependent on the partial 

pressure of surrounding oxygen in the gas phase and operating temperature [1, 3], as given below: 

 

Where, Rsensor is the resistivity of the sensor; 𝑷𝐎𝟐
𝐦  is the partial pressure of oxygen; Ea is the 

activation energy for the conductivity; and T is the operating temperature. 

Owing to the exponential dependence of chemoresistive sensors on temperature, the sensitivity to 

temperature variations presents a major challenge for these sensors, as described by Kim et al. [1] 

and therefore high performance temperature control of the sensor is important.  In a recent critical 

review of the chemoresistive gas sensors, Sadek et al. [13] believe that dependence of sensor 

response on operating temperature originates from varying adsorption and desorption kinetics for 

oxygen ions on the oxide surfaces. The investigated material in this publication has a similar 

structure to the so called lambda sensor based on YZrOx, for which oxygen ion diffusion through 

vacancies in the material and detection of the potential gradient over the material, constitutes the 

detection mechanism [14-16]. Therefore, also oxygen diffusion through vacancies in the 

Au/InZrOx may form at least part of the sensor detection mechanism. 

In view of these limitations of the chemoresistive devices and to discover a novel metal/metal 

oxide nanocomposite system capable of sustaining high temperature operation and maintaining 

relatively constant response to various automobile exhaust gases, we hypothesize the use of 

indium zirconate (InZrOx) and electrodecorated Au/InZrOx composite nanomaterials. Zirconia is 

one of the most commonly used O2 and NOx sensing material [14–16], whereas indium oxide is a 

semiconductor oxide that is recently being used as active material in exhaust gas sensors [17–19]. 

Furthermore, Au nanoparticles deposited on metal oxide supports are known to improve the 

catalytic activity and gas sensitivity of the oxide based nanomaterials [20–22]. Therefore, we 

employed an efficient electrochemical procedure to decorate nanoscale Au on the surface of 

𝑹𝐬𝐞𝐧𝐬𝐨𝐫 = 𝑷𝐎𝟐
𝐦 ∙ 𝐞𝐱𝐩 (−

𝑬𝐚
𝒌𝑻⁄ ) 
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InZrOx in an anticipation to realize excellent gas sensing performance of Au/InZrOx composite 

nanoparticles at high temperatures. 

2. Experimental 

2.1. Materials 

All chemicals were obtained from Sigma-Aldrich and used as received without further purification 

unless otherwise stated. These include indium chloride (InCl3; 98%) zirconium oxychloride 

octahydrate (ZrOCl2.8H2O; ≥ 99.5%), silver nitrate (AgNO3; 99.9999% crystalline solid), 

tetraoctylammonium chloride (TOAC; R4NCl with R = C8; ≥ 97%), tetrahydrofuran (THF; 

anhydrous; ≥ 99.9%) and acetonitrile (ACN; anhydrous; 99.8%). To remove traces of water 

(moisture), TOAC was vacuum dried for 4 h prior to use. For electrochemical synthesis, the 

electrodes were made of 0.25 mm thick gold and platinum foils (size: 25 × 25 mm; purity: 

99.999%), which were purchased from Goodfellow. Both the electrodes were thoroughly cleaned 

with alumina powder, acetone, deionized water and acetone, respectively and dried under N2 

before use. 

2.2. Methods 

2.2.1. Preparation of indium zirconate (InZrOx) nanoparticles 

Indium zirconate (InZrOx) nanoparticles were prepared via co-precipitation of an equimolar 

mixture of metal salts in liquid ammonia under controlled conditions of pH and temperature. 

Briefly, calculated amounts of InCl3 and ZrOCl2.8H2O were separately dissolved in 50 mL of 

double distilled deionized water to make two 0.05 M aqueous solutions. Both of these solutions 

were mixed while stirring, and warmed to 60 °C for 1 h. Subsequently, 0.05 M aqueous ammonia 

was added drop-wise to the reaction mixture to maintain the basic pH of 10. The mixture was aged 

for 2 h at 60 °C with continuous stirring. White precipitates of InZrOx were centrifuged, washed 

with double distilled deionized water to remove extra ammonia or unreacted species, if any, and 

dried under vacuum at room temperature. 

2.2.2. Electrodecoration of InZrOx to prepare Au/InZrOx composite 

nanomaterials 

As synthesized and dried InZrOx nanopowder was electrodecorated with gold (Au) nanoparticles 

using an in situ sacrificial Au anode electrolysis procedure [23]. The in situ electrodecoration of 

Au nanoparticles on InZrOx was performed in a three-electrode cell equipped with a solid Au 

working electrode (anode; area: 2.5 cm2), a solid Pt counter electrode (cathode; area: 2.5 cm2), and 

an Ag/AgNO3 reference electrode (0.1 M AgNO3 in ACN). The electrodes were immersed in 10 

mL of 0.1 M electrolyte solution composed of vacuum dried TOAC in anhydrous THF/ACN 

(mixed in 3: 1 ratio). TOAC worked as the supporting electrolyte as well as the surfactant to 

stabilize Au nanoparticles. The solution was degassed for several minutes before use. 250 mg of 
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InZrOx powder were added to the electrolyte solution while stirring the mixture continuously to 

make a homogeneous mixture. The mixture was subsequently degassed for several minutes before 

the electrolysis. The sacrificial Au anode electrolysis was later executed in the potentiostatic mode 

with the potential difference of 1.5 V between the working and reference electrodes [24, 25]. The 

procedure was stopped after the accumulation of 100 C total charge. The amount of Au 

nanoparticles electrodecorated on the surface of InZrOx was calculated from the loss of mass by 

Au anode during the electrolytic process. Au/InZrOx composite nanoparticles were recovered by 

centrifugation at 6000 rpm and subsequently treated at 550 ˚C to remove organic species, adsorbed 

water, and surface -OH groups. 

2.3. Characterization 

2.3.1. X-ray photoelectron spectroscopy (XPS) 

The surface analysis and chemical speciation of as synthesized InZrOx and Au/InZrOx 

nanoparticles was performed with X-ray photoelectron spectroscopy (XPS). An X-ray 

photoelectron Theta Probe spectrometer supplied by Thermo VG Scientific (West Sussex, 

England), equipped with micro-spot monochromatized Al Kα source was used for this purpose. 

Both wide scan and high resolution spectrum were obtained in a fixed analyzer transmission mode 

with pass energy of 150 and 100 eV, respectively. The XPS data were processed with the 

Avantage data system [26]. The binding energy (BE) scale was calibrated with reference to 

aliphatic C1s component at 284.8 ± 0.1 eV. The surface chemical composition of different samples 

was determined from the integrated areas of the principle photoelectron peaks and their sensitivity 

factors, as described elsewhere [27]. 

2.3.2. Scanning electron microscopy (SEM) 

The surface morphology of InZrOx and Au/InZrOx nanoparticles was characterized with a field 

emission scanning electron microscope (FE-SEM), mod. ∑igma Zeiss. The samples were 

examined at 10-20 keV with 30 µm aperture and in-lens detector. 

2.4. Device Structure, Fabrication, and Sensor Measurements 

Interdigitated electrode structures were photolithographically patterned on an oxidized silicon wafer 

(Si/~800 Å SiO2) followed by deposition of a double layer of 100 Å Ti and 3000 Å Au, and the 

finger electrodes were obtained through subsequent lift-off process. The distance between fingers 

was selected to be 40 µm. The wafer was then diced into individual chips, each with one 

interdigitated electrode structure of 2x2 mm size. After processing and dicing of the individual 

sensor chips, the chips were mounted onto alumina heater substrates together with an external Pt100 

temperature sensor for heating and controlling the operation temperature of the sensors. The heater 

substrate, including the Pt100 temperature sensor, was attached to a TO8 header by spot welding. 

Electrical contact to the interdigitated electrode structures were made through gold wire bonding 
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with the pins on the TO8 header. Thus obtained miniaturized sensor set-up or device structure is 

shown in Fig. S1 of the supporting information. 

Both InZrOx and Au/InZrOx nanoparticles were deposited on the transducer structures in the form 

of a suspension. The suspensions were prepared by adding 200 µl of 99.5% ethanol to 50 µg of 

nanoparticles followed by 5 minutes of ultrasound sonication to make sure that a good concentration 

of nanoparticles was reached in the suspension. Each of these suspensions were deposited onto a set 

of four interdigitated electrode structures with the deposited amount being 2 µL in each case. This 

volume was selected as a result of a set of preliminary depositions and O2 gas sensing measurements 

(data not shown), which indicated that in the series of deposited volumes of 2, 5, 10, and 20 µL, the 

smallest deposited volume (2 µL) returned the best sensor response. The sensor chips were heated 

to 75 °C during the deposition process, to evaporate ethanol more rapidly and ensure a uniform 

deposition of the nanoparticles. Thereafter, the devices were sintered at 600 °C in 20% O2 in N2 for 

16 h to improve the mechanical and chemical stability of the sensing material and device for high 

temperature operation. 

The resistance of the sensors was measured using a Keithly digital multimeter model 2001.  Below 

500°C the resistivity of the material exceeded 10 GOhm and was not possible to measure. 

The control experiments were performed at 600 °C to evaluate the sensor characteristics of InZrOx 

and Au/InZrOx nanoparticles towards 2-20% O2 concentrations in N2 gas. Later, the practical gas 

sensing measurements were performed at 500-600 °C to study the sensor response of Au/InZrOx 

nanoparticles towards varying concentrations of automobile exhaust gases, i.e. nitric oxide (NO) 

and carbon monoxide (CO), in a constant background of 20% O2 in N2. The sensing measurements 

were carried out as follows: the device was exposed to 60 s pulses of test gas ranging from 40-400 

ppm of NO or 100-1000 ppm of CO (one test gas at a time) followed by 120 s pulse of 20% O2 in 

N2. The normalized sensor response was calculated as the difference in resistance of the device under 

test gas and that measured in 20% O2 in N2 atmosphere, divided by the latter resistance value, as 

described elsewhere [28]. 

3. Results and Discussion 

3.1. Electrochemical synthesis of Au/InZrOx composite 

nanoparticles 

The electrochemical deposition of nanoscale Au on InZrOx nanopowder to form composite 

Au/InZrOx nanomaterials is achieved by sacrificial Au anode electrolysis. The set-up for 

electrochemical synthesis is shown in Fig. 1a, whereas the mechanism of Au nanoparticles’ 

synthesis and deposition on InZrOx is shown in Fig. 1b. The electrochemical synthesis of Au/InZrOx 

nanoparticles in carried out at room temperature under inert atmosphere. As shown in Fig. 1b, the 

sacrificial Au anode is dissolved in the first step forming Au cations, which are stabilized by InZrOx 

nanoparticles present in the electrolyte solution through weak interactions between the Au+ ions and 

hydroxyl (-OH) groups disposed on the surface of InZrOx nanoparticles [29, 30]. In the next step, 
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these stabilized or supported Au+ ions are reduced to nanoscale Au at Pt cathode. Certain Au+ species 

may also wander freely in the solution before forming Au ad-atoms at the surface of cathode. These 

ad-atoms form free Au nanoparticles, which may subsequently be stabilized by the supporting 

electrolyte (TOAC) as well as by InZrOx. In our previous experiments, it has been found that only a 

small amount (~2 wt%) of Au nanoparticles are lost during the electrolysis and subsequent recovery 

steps [31]. Finally, Au/InZrOx composite nanoparticles are recovered by centrifugation, dried, and 

thermally treated at 550 °C for potential high temperature gas sensor applications. 

3.2. Characterization: Surface Analysis 

Surface analytical characterization of pristine InZrOx and Au/InZrOx composite nanoparticles is 

performed by XPS to study the surface chemical speciation and the elemental state of In, Zr, and 

Au. The detailed chemical composition of InZrOx and Au/InZrOx nanoparticles is given in Table 

1, while Fig. 2 shows the high resolution photoelectron spectra of different elements of interest in 

both samples. All of the following signals: C1s, In3d, Zr3d, O1s, and Cl2p are found in the wide 

or survey scans of both samples, while Au4f is found only in Au/InZrOx nanoparticles that is 

obvious. The presence of C1s is attributed to organic impurities, to CO/CO2 gases adsorbed on the 

surface of these nanomaterials, and to quaternary ammonium species, in the case of Au/InZrOx. 

Cl2p comes from the counter ions formed during the co-precipitation reaction for synthesis of 

InZrOx nanoparticles, whereas in case of Au/InZrOx nanoparticles, it belongs to the TOAC 

molecules used as electrolyte and surfactant during the electrolysis procedure.  

Figure 2 & Table 1 here 

O1s, In3d and Zr3d are present in both samples. Interestingly, the relative abundance of In and Zr 

in InZrOx sample is same that indicates the formation of Au/InZrOx nanoparticles with In/Zr 

atomic ratio of 1.08 via co-precipitation of the equimolar InCl3 and ZrOCl2.8H2O solutions. In 

addition, when InZrOx nanopowders are subjected to an in situ electrodecoration procedure, the 

resulting Au/InZrOx composite nanoparticles also possess similar abundance with In/Zr atomic 

ratio of 0.97, which is very close to the actual In/Zr ratio in pristine Au/InZrOx. The small 

difference between the experimental atomic ratios is within the uncertainty of this calculation. 

Nevertheless, a slight variation in relative atomic percentages of In and Zr in two samples may be 

attributed to the dissolution and re-precipitation phenomenon [32, 33] of oxide nanoparticles 

during the course of electrolysis. Moreover, the In-O signal in as prepared InZrOx is positively 

shifted by 0.7 eV (BE=445.1±0.1 eV) respect to thermally annealed Au/InZrOx (BE=444.4±0.1 

eV), which is ascribable to non-stoichiometric indium oxides [34]. 

Another distinguishing feature in surface characterization of two samples (InZrOx and Au/InZrOx) 

is observed to be the O/M ratio (At%). The O/M ratio can be calculated from the data reported in 

Table 1. In case of pristine InZrOx nanoparticles, the O/M ratio is found to be 2.53, which is an 

indicative of the presence of a large number of hydroxyl (-OH) groups on the surface of as 

synthesized InZrOx. On the other hand, Au/InZrOx samples exhibit very low O/M ratio, i.e. 1.98, 

probably due to thermal treatment at 550 °C. Such low O/M ratio might also indicate the formation 

of defects or oxygen vacancies in Au/InZrOx composite nanoparticles as a consequence of thermal 
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annealing [35–37]. These oxygen vacancies in oxide nanoparticles are believed to be adsorption-

active sites that enhance overall catalytic and gas sensing performance of the nanomaterials [38–

40]. The high resolution photoelectron spectrum of Au4f shows the presence of Au in two 

chemical states of which a great majority is found as elemental gold (Au0) nanoparticles, i.e. 

1.0±0.2 At%, while a small proportion (i.e. 0.1 At%), is under the form of Au3+ oxide, on the 

surface of Au/InZrOx nanoparticles. The BE value of nanosized elemental gold is systematically 

below that expected for metallic bulk gold (84.0 eV), and this is interpreted in terms of initial state 

effects [41], although the occurrence of a strong electronic interaction between gold and the 

Indium Zirconate, i.e., electron transfer to gold, cannot ruled out and might concur to the observed 

chemical shift, as well. 

3.3. Characterization: Morphology 

The morphology of pristine InZrOx and electrodecorated Au/InZrOx composite nanoparticles is 

shown in Fig. 3. InZrOx is synthesized as nanopowder, and electrodecorated via sacrificial Au 

anode electrolysis. Nanosized InZrOx powder is visible in the respective SEM image (see Fig. 2a). 

The electrolysis process is known to yield Au nanoparticles with an average size < 10 nm [24, 41]. 

Moreover, it has already been established that Au nanoparticles’ size distribution range is narrow 

depending upon the nature of surfactant [41]. Herein, Au nanoparticles deposited on the surface of 

InZrOx can be clearly observed in Fig. 2b. It is important to mention that the image is obtained 

after thermal annealing of the Au/InZrOx composite nanomaterials at 550 °C. Nanoscale Au 

particles can be identified individually on the surface, which further confirms the results obtained 

from XPS surface analysis. The presence of individual Au nanoparticles also signifies the effective 

stabilization by TOAC and oxide support. As discussed above, pristine or as synthesized InZrOx 

nanopowders are subjected to electrolytic deposition of Au due to the enriched presence of surface 

hydroxyl groups on oxide support that favors efficient deposition of Au nanoparticles on metal 

oxide supports [23]. 

Figure 3 here  

3.4. Control Measurements: InZrOx vs. Au/InZrOx Nanoparticles 

In our preliminary experiments, the device is exposed to different concentrations of O2 in N2 to 

measure the sensor characteristics of InZrOx and Au/InZrOx nanoparticles under harsh conditions. 

The results from these control measurements performed at 600 °C are shown in Fig. 4. It can be 

seen that pristine InZrOx nanoparticles exhibit very high resistance and the level of the noise is 

fairly high. Moreover, there is no significant change that can be undoubtedly attributed to the 

variations in gas concentration, i.e. any straightforward sensor pattern is not observed for pristine 

InZrOx nanoparticles. It is therefore not possible to really evaluate InZrOx films in terms of gas 

sensitivity. Au/InZrOx nanoparticles, on the other hand, exhibit significant variations in resistance, 

when exposed to different pulses of varying oxygen concentration. Only a temperature range of 

500-600°C has been evaluated since the resistance even of the gold decorated material is too high 

(> 10  GOhm) at lower temperatures. However, it is obvious that electrodecoration of InZrOx with 
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Au nanoparticles improves gas sensitivity under harsh conditions. This observation is partially 

supported by previous work on Au-doped or un-doped indium and-or zirconium oxide based gas 

sensors [22, 42]. Consequently, the results reported herein for the rest of the gas (NO and CO) 

sensing tests are for electrodecorated Au/InZrOx composite nanoparticles. 

Figure 4 here 

3.5. NO and CO Sensor Characteristics of Au/InZrOx Nanoparticles 

The objective of developing electrodecorated Au/InZrOx composite nanoparticles is to test their high 

temperature sensing properties for automobile exhaust pollutants such as NO and CO. Thus, NO and 

CO gases are used as target analytes for a preliminary evaluation of the mentioned Au/InZrOx 

nanomaterials as active layers in automotive applications. The sensing measurements are carried out 

at 500 and 600 °C operation temperatures. Fig. 5 shows the absolute as well as the normalized sensor 

responses to different concentrations of NO (ranging from 40-400 ppm) in a constant background 

of 20% O2 in N2. While for Au/InZrOx sensor, the absolute resistance changes are significantly larger 

at the lower temperature (as reported in Fig. 5a), the normalized responses recorded at higher NO 

concentrations are only marginally higher at 500 °C. Nonetheless, there is not much difference in 

magnitude of the normalized or relative response of Au/InZrOx sensor towards different 

concentrations of NO at the two different operation temperatures. The dynamic range seems to be 

about 50 – 400 ppm NO. The repeated measurements during 30 minutes indicates that the Au/InZrOx 

nanoparticle film is stable even in exposure to NO at these high temperatures. However, long term 

testing, also in humid atmosphere, is necessary to show if this material is promising for automotive 

applications. 

Figure 5 here 

The absolute and normalized sensor responses of Au/InZrOx films towards varying concentrations 

of CO (ranging from 100-1000 ppm) in a constant background of 20% O2 in N2 are reported in 

Fig. 6.  The results indicate that in contrast to their response towards NO gas concentrations, the 

normalized sensor responses are greater at the higher operation temperature, i.e. 600 °C.  Also 

contrary to Au/InZrOx sensor’s response to NO, the dynamic range for the normalized sensor 

responses to CO is much higher, about 100 – 700 ppm for both operation temperatures. The results 

indicate  non-linear response characteristics and higher effect of temperature for the  CO 

sensitivity of the Au/InZrOx sensor. The results are further discussed below giving a comparison of 

the sensitivity of Au/InZrOx sensor towards different gases and other sensor characteristics. 

Figure 6 here 

3.6. Statistical analysis 

The gas sensing performance of Au/InZrOx sensor is further explored by statistical analysis of the 

sensor results. A comparison of the absolute sensor responses of Au/InZrOx towards different 

concentrations of NO and CO gases at 500 °C is drawn in Fig. 7. The different concentration 

ranges for the two gases are chosen as relevant for real conditions in automotive exhausts. Visibly, 
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the material exhibits a significantly higher response towards relatively lower concentrations of NO 

as compared to CO. In other terms, if similar concentrations of NO and CO are considered, the 

sensor shows severalfold higher response towards NO as compared to CO, which suggests that at 

lower concentrations of NO and CO gases, the Au/InZrOx sensor could be used as a selective NO 

sensor with low cross sensitivity to CO. Moreover, the Au/InZrOx sensor shows promising fast 

response and recovery kinetics with tres90 reached within 60 s in Figs. 5 b and 6 b at 600 °C and 

trec90 reached within 60 s in Fig. 5 b at 500°C and in Fig. 6 b, at both temperatures. 

Figure 7 here 

Overall sensitivity of the Au/InZrOx sensor towards tested gases (NO and CO) is determined by 

plotting the normalized sensor responses as a function of different gas concentrations, as shown in 

Fig. S2. In case of NO gas, the Au/InZrOx sensor shows linear response in the concentration range 

of 40-160 ppm, which gets little saturated at higher concentrations of 200-400 ppm. The slope of 

the linear NO response range shows a sensitivity factor of ~2000 Ω ppm-1 for Au/InZrOx 

nanomaterials. On the contrary, the normalized sensor response towards varying concentrations of 

CO is not exactly linear in any concentration range. The relatively straight line obtained in the 

concentration range of 200-500 ppm CO shows poor sensitivity of the Au/InZrOx nanoparticle-

sensor towards CO with a factor of ~50 Ω ppm-1. Thus, electrodecorated Au/InZrOx composite 

nanoparticles show 40 times higher sensitivity towards NO compared with that of CO. These 

results suggest that Au/InZrOx is an interesting candidate for nitric oxide (NO) detection in 

automobile exhaust under harsh conditions. Additional tests with other interferent species are 

planned, as well as long-term stability evaluations under humid conditions. 

4. Conclusions 

InZrOx nanoparticles with In/Zr atomic ratio of 1.0 are obtained via co-precipitation of equimolar 

salt solutions. The resulting InZrOx nanoparticles are electrodecorated with nanoscale Au using an 

in situ sacrificial anode electrolysis procedure. Both InZrOx and Au/InZrOx nanoparticles are 

subsequently characterized and deposited on miniaturized electronic devices for high temperature 

gas sensing measurements. The preliminary experiments reveal that pristine InZrOx nanoparticles 

are not active, while electrodecoration of nanoscale Au considerably  enhances the performance of 

Au/InZrOx nanoparticles. High temperature NO and CO sensing results demonstrate higher 

absolute and normalized sensor response of Au/InZrOx nanoparticles towards 40-400 ppm NO. At 

an operation temperature of 500°C, the Au/InZrOx sensors exhibit 40 fold higher sensitivity 

towards NO as compared to CO. Furthermore, the Au/InZrOx sensor shows response and recovery 

times and  stability towards storage, which is promising for  applications in harsh conditions. 
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Figure Captions 

Fig. 1. (a) The experimental set-up for synthesis of electrodecorated Au/InZrOx composite 

nanoparticles. (b) A representation of the proposed mechanism of the electrodecoration procedure 

for synthesis of Au/InZrOx composite nanoparticles. 

Fig. 2. The surface chemical analysis of pristine InZrOx and electrodecorated Au/InZrOx 

nanoparticles by x-ray photoelectron spectroscopy (XPS): The representative high resolution XPS 

spectra of In3d, Zr3d, O1s, and Au4f regions are shown for different samples, respectively. 

Fig. 3. SEM images of pristine InZrOx nanoparticles (a) and electrodecorated Au/InZrOx 

composite nanoparticles (b).  

Fig. 4. The response characteristics of pristine InZrOx and electrodecorated Au/InZrOx 

nanoparticles applied to interdigitated electrode structures towards 2-20% O2 in N2 at 600 °C.  

Fig. 5. A comparison of the absolute (a) and normalized (b) sensor responses to 40-400 ppm NO 

gas for the Au/InZrOx sensors at 500 and 600°C operation temperature. Absolute resistance 

changes were comprised between 5 and 40 MΩ. 

Fig. 6. A comparison of the absolute (a) and normalized (b) sensor responses to 100-1000 ppm CO 

gas for the Au/InZrOx sensors at 500 and 600°C operation temperature. Absolute resistance 

changes were comprised between 5 and 35 MΩ. 

Fig. 7. A Comparison of the Au/InZrOx sensor’s response towards different concentrations of NO 

and CO gases at 500 °C operation temperature.  
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Tables 

Table 1. XPS surface chemical speciation of pristine InZrOx and electrodecorated Au/InZrOx 

composite nanoparticles. Data are averaged out three replicates (n=3) and reported as mean value 

± 1 standard deviation. 

Peak Attribution As prepared InZrOx Thermally treated Au/InZrOx 

BE (eV) At% BE (eV) At% 

C1s C–C 284.8±0.1 19±3 284.8±0.1 14.0±1.0 

C–O  286.4±0.1 7±2 286.4±0.1 3.2±0.5 

C=O 288.8±0.1 3.0±0.8 288.8±0.1 1.5±0.5 

Au4f7/2 Au0 - - 83.2±0.1 1.0±0.2 

 Au3+ - - 84.6±0.4 0.1±0.2 

In3d5/2 In–O 445.1±0.1 9.3±0.2 444.4±0.1 11.4±0.2 

Zr3d5/2 Zr–O 182.3±0.1 8.6±0.6 182.1±0.1 11.7±0.2 

O1s O–In/O–Zr 530.2±0.1 12.2±1.1 530.1±0.1 34.6±1.0 

O–In/O–Zr, C=O 531.7±0.1 30±4 531.6±0.1 11.1±1.6 

O–C, loosely bound O 533.4±0.2 6±4 532.9±0.2 4.0±0.5 

Cl2p3/2 Cl-C, Cl- 198.7±0.1 5.3±0.6 198.8±0.1 7.3±0.6 
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Figure 2 
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Figure 4 
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Supporting Information 

Fig. S1. The structure of device showing the sensor chip with finger electrodes and a Pt100 

temperature sensor mounted on the same heater substrate through a high temperature die 

attachment, and electrically connected to the 16-pin TO8 header through gold wire bonding. 

Fig. S2. Statistical analysis of the Au/InZrOx based sensor’s response towards different 

concentrations of NO (a) and CO (b) gases at 500 °C. The insets show linear response range for 

NO. 
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Figure S1 
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Figure S2 
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