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Abstract: ZnO nanoparticles doped with 0-5 mol% Pd were successfully produced in a 
single step by flame spray pyrolysis (FSP) using zinc naphthenate and palladium (II) 
acetylacetonate dissolved in toluene-acetonitrile (80:20 vol%) as precursors. The effect of 
Pd loading on the ethanol gas sensing performance of the ZnO nanoparticles and the 
crystalline sizes were investigated. The particle properties were analyzed by XRD, BET, 
AFM, SEM (EDS line scan mode), TEM, STEM, EDS, and CO-pulse chemisorption 
measurements. A trend of an increase in specific surface area of samples and a decrease in 
the dBET with increasing Pd concentrations was noted. ZnO nanoparticles were observed as 
particles presenting clear spheroidal, hexagonal and rod-like morphologies. The sizes of 
ZnO spheroidal and hexagonal particle crystallites were in the 10-20 nm range. ZnO 
nanorods were in the range of 10-20 nm in width and 20-50 nm in length. The size of Pd 
nanoparticles increased and Pd-dispersion% decreased with increasing Pd concentrations. 
The sensing films were produced by mixing the particles into an organic paste composed 
of terpineol and ethyl cellulose as a vehicle binder. The paste was doctor-bladed onto 
Al2O3 substrates interdigitated with Au electrodes. The film morphology was analyzed by 
SEM and EDS analyses. The gas sensing of ethanol (25-250 ppm) was studied in dry air at 
400°C. The oxidation of ethanol on the sensing surface of the semiconductor was 
confirmed by MS. A well-dispersed of 1 mol%Pd/ZnO films showed the highest sensitivity 
and the fastest response time (within seconds).  
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1. Introduction  
 

Solid-state gas sensors have recently played an important role in environmental monitoring and 
chemical process control. Among the various solid-state sensors, semiconducting metal oxide ones 
have been widely investigated due to their small dimensions and low cost. Many researchers have 
developed ethanol vapor sensors based on semiconductor metal oxides. The various semiconductor 
metal oxides commonly used as ethanol gas sensors include both pure and metal-doped ones, e.g. SnO2 
[1-12], In2O3 [13, 14], TiO2 [8, 15-20], ZrO2 [8], WO3 [7, 19], MoO3 [19], Cu2O [21], and ZnO [22-
49].  The latter in particular was among the earliest discovered and is one of the most widely applied 
oxide gas sensing materials. Many materials using nanoparticles require non-agglomerated spherical 
particles. In gas sensors, small-sized particles decrease the response time and increase the gas 
sensitivity, while a low degree of agglomeration facilitates the production of thin or thick films [50]. 

ZnO is an interesting chemically and thermally stable n-type semiconductor with a wurtzite 
structure displaying a large-band gap energy of about 3.37 eV at low temperature and 3.30 eV at room 
temperature [51-54], and with high sensitivity to toxic and combustible gases. It is sensitive to many 
gases at moderate temperatures, especially towards ethanol vapor [22-49]. ZnO is one of the most 
widely applied oxide-gas sensor materials owing to its high chemical stability, low cost and good 
flexibility in fabrication. Various types of ZnO-based gas sensors, such as single crystal [22, 25, 37], 
sinter pellet [28, 42-44], heterojunctions [49], thin film [24, 30, 34, 41, 47, 48] and thick film [23, 29, 
43, 52, 53], have been demonstrated. Instead of bulk ZnO and ZnO thin films, it is also possible to use 
one-dimensional (1D) ZnO nanowires or nanorods for gas sensing. Such 1D ZnO nanomaterials are 
especially attractive due to their tunable electronic and optoelectronic properties. In the case of 
polycrystalline (ceramic or film) devices, only a small amount of the species adsorbed near the grain 
boundaries was active in modifying the electrical transport properties, which leads to low maximum 
sensitivity because of their limited surface-to-volume ratio [33]. The application of nanomaterials to 
the design of ethanol gas sensor is nowadays one of the most active research fields, due to their high 
activity, high surface-to-bulk ratio, good adsorption characteristics and high selectivity. The gas 
sensing mechanism involves chemisorptions of oxygen on the oxide surface followed by charge 
transfer during the reaction between chemisorbed oxygen reducing and target gas molecules. However, 
the physical and sensing properties of semiconductor gas sensors are directly related to their 
preparation e.g. particle size, sensing film morphology, crack surface [53] and film thickness [52, 55-
63] as well as sensing film characteristics. 

Flame aerosol synthesis, one of the most promising routes applicable to manufacture of a range of 
single and multi-component functional nanoparticles at low cost and with high production rates, refers 
to the formation of fine particles from gases in flames [64]. Today, flame technology is employed 
routinely in large scale manufacture of carbon blacks and metal oxide commodities such as fumed 
silica and pigmentary titania and, to a lesser extent, for specialty chemicals such as zinc oxide and 
alumina powders. Zinc oxide (ZnO) is the third largest flame-aerosol-made material after carbon black 
and pigmentary titania with global consumption of 600,000 t/y [65]. According to our current 
understanding of flame technology, vapors of the precursor compounds react at high temperatures 
producing the product powder, typically in the form of aggregates (clusters of cemented primary 
particles). The size of the particles ranges from a few to several hundred nanometers in diameter, 
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depending on the material and process conditions [64]. Nanoparticles with high purity and relatively 
narrow size distribution can be synthesized efficiently in flame aerosol reactors [66]. These reactors 
are routinely used in industry to make a variety of commodities by combusting halide and hydrocarbon 
vapors. On the other hand, combustion of sprays is quite attractive as it can utilize a broader spectrum 
of liquid precursors than conventional vapor flame reactors. Combustion of liquid precursor droplets 
has been used also in synthesis of mixed oxide powders by the so-called flame spray pyrolysis (FSP) 
process. The FSP process was systematically investigated using an external-mixing gas-assisted 
atomizer supported by premixed methane and oxygen flamelets [66-68]. The FSP is capable of 
producing mixed metal oxide powder in the 1-200 nm size range from low-cost precursors with  
production rates of up to 250 g/h. In conventional spray pyrolysis, the solution is atomized into a hot 
wall reactor where the aerosol droplets undergo evaporation, drying and thermolysis of the precipitate 
particles at higher temperature to form a microporous particle and eventually, dense particles by 
sintering. In flame reactors, the energy of the flame is used to drive chemical reactions of precursors 
resulting in clusters which further grow to nanoparticles by surface growth and/or coagulation and 
coalescence at high temperature [50]. Using flames as a heat source, one has to further distinguish 
between FSP processes where the spray forms a self-sustaining flame, resulting from evaporation and 
burning of droplets from other spray pyrolysis processes, where the supporting fuel is supplied 
separately from the precursor solution droplets. In the latter case the droplets rapidly evaporate so the 
released precursor can directly react with the oxidant gas provided by the oxy-hydrogen flame. The 
advantages of FSP include the ability to dissolve the precursor directly in the fuel, simplicity of 
introduction of the precursor into the hot reaction zone (e.g. a flame), and flexibility in using the high-
velocity spray jet for rapid quenching of aerosol formation [66].  

In general, a flame is used to force chemical reactions of precursor compounds, finally resulting in 
the formation of clusters, which increase their size up to a range of some nanometers by coagulation 
and sintering. Finally, the nanostructured powders are collected on a filter [66, 69]. Moreover, at low 
oxidant flow rates, the specific surface area increased by increasing the oxidant flow rate as the spray 
flame length is reduced, leading to shorter residence times and allowing less time for particle growth. 
Using oxygen as oxidant the droplets burn much faster than in air, thus, product particles experience 
longer residence times at higher temperature [66, 70]. The effect of solution feed rate on particles 
specific surface area and crystalline size was also investigated [65]. The solution feed rate increased 
the flame height, and therefore coalescence was enhanced, resulting in large primary particles [65]. 
Furthermore, the flame conditions can be used to control the morphology of particles. ZnO nanorod 
formation was caused by FSP, which was described by XRD lattice aspect ratio [71, 72].  

Many researchers have mentioned a variety of techniques used to prepare the sensing films, i.e. 
plasma enhanced chemical vapor deposition (PECVD) [34], spray pyrolysis [24, 34], dip-coating [15, 
48], and doctor-blade [52, 53, 73, 74]. Particularly, the doctor-blade technique has several advantages 
for producing sensing thick films suitable for the gas sensor, including relatively homogeneous 
composition, regularities in the film thickness and easy control of film thickness [52, 53]. 

An ethanol gas sensor based on 1D ZnO nanostructures was found to be a good candidate for 
detecting gases of various concentrations. Many researchers have reported that pure ZnO [22-38] and 
metal-doped ZnO [39-49] can be used to detect ethanol vapor. Also, ZnO thin films were produced by 
spray pyrolysis [24]. Film layers of 20 μm in thickness showed sensor signal in terms of rather high 
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ethanol concentration (1000-5000 ppm) at 150-350°C. At high operating temperatures, they did not 
depend on the concentration of ethanol [24]. An ethanol sensor based on ZnO nanorods prepared by 
hydrothermal method [25] showed high sensitivity to ethanol concentrations ranging from 10 to 2000 
ppm at 330°C, with good responses and recovery times. Furthermore, a ZnO nanowire ethanol gas 
sensor showed high sensor signals and fast responses to ethanol gas at concentration up to 200 ppm 
with an operating temperature of 300°C [26]. In addition, pure ZnO nanorods and nano-needles 
produced by hybrid induction and laser heating (HILH) technique also showed the capability to 
produce sensors with good sensor signal at a maximum temperature around 400°C for a concentration 
of 100 ppm of volatile organic compounds (VOCs) including acetone, toluene, and ethanol. 4.58 at % 
In/ZnO showed the highest sensor signal compared to pure ZnO [46]. Al/ZnO thin films were also 
prepared by RF magnetron sputtering on a Si substrate using Pt as interdigitated electrodes. The gas 
sensing results showed that the sensor signal for detection of 400 ppm ethanol vapor was about 20 at an 
operating temperature of 250ºC [47]. In this case, catalysts such as Pd, Pt, Rh, Ru or Ag are often 
added to improve selectivity and sensitivity [43-46, 75, 76]. Pd is one of the most versatile and most 
widely applied catalytic materials and absolutely known to have a catalytic effect [43, 76] due to its 
excellent oxidation capability to convert hydrocarbons at lower temperature. For example, 0.1 mol% 
Pd additive can drastically decrease the operating temperature for the maximum response by more than 
100°C. It was found that with an operating temperature of 170°C it showed high sensitivity and shorter 
response and recovery times (in the order of seconds) at the concentration of 200 ppm [43]. 
Furthermore, with the Pd loading, the ZnO-La2O3-Pd-based sensor element showed excellent ethanol 
vapor sensing properties at a lower operating temperature in air with respect to sensitivity and 
response rate. The best performance was obtained at the concentration of 1000 ppm at the operating 
temperature of 175°C with La2O3 and Pd additives. The Pd additive thus plays an important role in 
improving the sensitivity [44]. Therefore, it is interesting to apply FSP for production of Pd/ZnO 
nanoparticles [65, 70, 71] as used in gas sensors for ethanol vapor. 

 
2. Experimental  
 
2.1. Flame-synthesis of Pd-ZnO Nanoparticles 

The experimental setup for the synthesis of Pd/ZnO nanoparticles by flame spray pyrolysis is 
shown in Figure 1. The precursor solutions consisted of zinc naphtenate (Strem, 10 wt% Zn) and 
palladium (II) acetylacetonate (Pd(acac)2, Fluka, 34% Pd) dissolved in an 80:20 vol% mixture of 
toluene (Riedel deHaen, 99.5%)-acetonitrile (Fluka, 99.5%).  
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Figure 1. Schematic of the FSP experimental setup for the synthesis of samples P0-P5. 
The liquid precursor mixture is rapidly dispersed by a gas stream and ignited by a 

premixed methane/oxygen flame. 

 
 

The precursor concentration was kept constant at 0.5 M for all experiments. In a typical run, the 
liquid precursor mixture was fed at 5 mL/min in the center of a methane (1.13 L/min)/oxygen (2.4 
L/min) flame by a syringe pump (Inotech) and dispersed by oxygen (5 L/min), forming a fine spray. 
The pressure drop at the capillary tip was kept constant at 1.5 bars by adjusting the orifice gap area at 
the nozzle. The spray flame was surrounded and ignited by a small flame ring issuing from an annular 
gap (0.15 mm spacing, at a radius of 6 mm). 

The flame height was observed to be approximately 10-12 cm, and was increased slightly by 
increasing the combustion enthalpy. The combustion enthalpies are directly dependent on the 
particular solvent, starting materials and dopants. All samples showed a yellowish-orange flame as 
seen in Figure 2. The liquid precursor mixture was rapidly dispersed by a gas stream and ignited by a 
premixed methane/oxygen flame. After evaporation and combustion of precursor droplets, particles are 
formed by nucleation, condensation, coagulation, coalescence and Pd deposited on the ZnO support. 
Finally, the product nanoparticles were collected on a glass microfibre filters (Whatmann GF/A, 25.7 
cm in diameter) with the aid of a vacuum pump (Busch, Seco SV 1040C). The flame-made (5/5) ZnO 
as-prepared was designated as P0 while the ZnO nanopowders doped with 1-5 mol%Pd were 
designated as P1-P5, respectively. 
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Figure 2. Spray flame (0.5 M zinc naphtenate and Pd (acac)2 in toluene/acetonitrile 
(80/20 vol%)) of (a) pure ZnO, (b-f) 1-5 mol%Pd/ZnO nanoparticles producing 5 ml/min 
of liquid precursor feed rate and dispersed by O2 (5 l/min) at 1.5 bar pressure drop across 

the nozzle tip. The flame heights were observed ranging from 10-12 cm with slight 
increasing the combustion enthalpy and Pd concentration. 

           
 
2.2. Particle and Doping Characterizations 
 

The phase and crystallinity of flame-made nanopowders and sensor samples were analyzed by XRD 
(Bruker D8 advance diffractometer, operated at 40 kV, 40 mA) using CuKα radiation at 2θ = 20-80° 
with a step size of 0.06° and a scanning speed of 0.72º/minute. Using the fundamental parameter 
approach and Rietveld method [77], the crystalline phase and size of the particles were confirmed. The 
phase and the corresponding sizes were calculated using the TOPAS-3 software. The specific surface 
areas of the nanopowders were determined by the 5-point nitrogen adsorption measurement, applying 
the Bruneauer-Emmett-Teller (BET) method [78] at 77 K (Micromeritics Tristar 3000). All samples 
were degassed at 150°C for 1h prior to analysis. The diameter of particles were calculated from dBET = 
6/SSABET x  ρsample, where SSABET is the specific surface area (m2/g), ρsamples are the density of ZnO (ρZnO 

=  5.61 x 103 kg/m3 [65]) and the density of palladium (ρPd = 12.02 g/cm3 [79]).  
The surface morphology, elemental compositions, and accurate size of the ZnO and Pd 

nanoparticles were further investigated by atomic force microscopy (AFM, Nano Scope IIIa, Veeco 
Digital instrument), scanning electron microscopy (SEM, JSM-6335F, JEOL, EDS line scan mode), 
and high-resolution transmission electron microscopy (HR-TEM) measurements, respectively. The 
AFM observations were performed by means of a Digital microscope Model Nanoscope IIIa. The HR-
TEM mode was observed using the Tecanai 30F microscope (Philips; field emission cathode, operated 
at 300 kV). HR-TEM images were obtained using a slow-scan CCD camera. For scanning-
transmission electron microscopy (STEM), the material was dispersed in ethanol and deposited onto a 
perforated carbon foil supported on a copper grid. The STEM micrographs were obtained with a high-
angle annular dark-field (HAADF) detector, reveal the metal particles (bright spots) with bright 
contrast (Z contrast). The focused electron beam was then set on some of the bright points to analyze 
the Pd particles deposited on ZnO support qualitatively by energy dispersive X-ray spectrometry 
(EDS) attached to the Tecnai F30 microscope. Noble metal (Pd) dispersion was determined by CO-
pulse chemisorption at 40°C using He gas with a flow rate of 50 mL/min and a pulse of 0.5 mL (10% 
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CO in He, Micromeritics Autochem II 2920 unit). Prior to analysis, all samples were pretreated for 30 
min at 350°C under flowing O2, cooled down to 300°C in He and then treated at 300°C for 30 min in 
H2. In order to calculate the Pd-dispersion, an adsorption stoichiometry of Pd/CO = 2 was assumed 
[80, 81]. Pd particle size was then calculated assuming spherical Pd particles, which is a rough 
estimation.  
 
2.3. Sensor Preparation 
 

Al2O3 substrates interdigitated with Au electrodes (Au/Al2O3) (10x10x0.1 mm; Electronics Design 
Center, MicroFabrication Lab, Case Western Reserve University) were used as sensor substrates and 
designated as A0. An appropriate quantity of homogeneous mixed solution (0.28 mL) was prepared by 
stirring ethyl cellulose (Fluka, 30-60 mPa.s) as the temporary binder and terpineol (Aldrich, 90%) as a 
solvent. The viscous mixture was combined with samples P0, P1, P3, and P5 (70 mg) and mixed for 30 
min to form a paste prior to doctor-blading. The resulting paste was doctor-bladed [52, 53, 73, 74] on 
the Au/Al2O3 substrates.  

The substrate was taped (Scotch MagicTM tape; Art. Nr.11110300, Ethilux, Germany) around the 
edges, which roughly controls film thickness to approximately 5 μm prior to doctor-blading. We 
believe that the tape plays an important role in creating a thick film layer by providing a template for 
film formation. The resulting substrates were heated in an oven at 400°C for 2h with a heating rate of 
2°C/min for binder removal [82-87] and cooled down to 20°C with the heating rate of 5°C/min prior to 
the sensing test. Finally, the Au bonding was fabricated using pure Au wires (Alfa Aesar, 0.2 mm 
(0.008in) dia, 99.9% (metal basis)) that were put through the tiny holes of gold electrodes by 
soldering. 
 
2.4. Characterization of Gas Sensing Properties and Mass Spectrometry Measurements 

 
The characterization of gas sensing properties was performed according to the procedure described 

by Liewhiran et al. [53]. The sensitivity, S is defined in the following as the resistance ratio Ra/Rg for 
the reducing gas (ethanol) [25, 46, 52, 53], where Ra is the resistance in dry air, and Rg is the resistance 
in test gas. The response time, Tres is defined as the time required until 90% of the response signal is 
reached. The recovery times, Trec denotes the time needed until 90% of the original baseline signal is 
recovered [52, 53]. Furthermore, the experimental set up had a mass spectrometer (MS) connected for 
an oxidation process measurement. After the sensors fabricated using samples P0, P1, P3, and P5 had 
been tested, they were designated as S0, S1, S3, and S5, respectively. Finally, the film thickness of 
sensing layers and elemental compositions were further analyzed by SEM and EDS analyses.  

 
3. Results and Discussion   
 
3.1. Particle Properties 
 
3.1.1. X-ray Diffraction and BET Analyses 
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Figure 3 shows the XRD patterns of samples as-prepared (P0-P5), Au/Al2O3 substrate (A0), and 
sensor after annealing and sensing test at 400°C (S0, S1, S3, and S5). The samples P0-P5 were highly 
crystalline and all peaks can be confirmed to be the hexagonal structure of ZnO (Inorganic Crystal 
Structure Database [ICSD] Coll. Code: 067454 [88]), which also match well with the model of 
Abrahams et al. [89]. Amorphous phase and Pd peaks were not found in these patterns. It can be 
assumed that the size of Pd particles was very small, which affected the appearance of the Pd peaks. 
The diffraction peaks were slightly sharp for sensor samples after annealing and sensing at 400°C (S0, 
S1, S3, and S5) as compared to nanopowder as-prepared (P0, P1, P3, and P5), suggesting relatively 
larger particles.  

 
Figure 3. XRD patterns of flame-made (5/5) 0-5mol%Pd/ZnO as-prepared (P0-P5), 

Au/Al2O3 substrate (A0), and samples P0, P1, P3, and P5 were doctor-bladed on 
Au/Al2O3 substrate after annealing and sensing test at 400 ºC (S0, S1, S3, and S5) ((●) 

ZnO; (■) Au; (♦) Al2O3). 
 

 
 
The diffraction patterns of Al2O3 (modified structural parameters of ICSD Coll. Code: No. 085137 

[90]) (filled diamonds) and Au (modified structural parameters of ICSD Coll. CAS No. 7440-57-5 
[91]) (filled rectangular) from the substrates were also visible in the A0, S0, S1, S3, and S5, especially, 
sensors S1, S3, and S5 showed ZnO peaks (filled circles) were also appeared in these patterns, which 
can clearly confirm thick film sensing layer based on flame made ZnO and Pd/ZnO nanoparticles, and 
also the Au (111) peak showed evidently the strongest peak in terms of intensity. The average crystal 
sizes (dXRD ave.) were calculated by the fundamental parameter approach Rietveld method [77] based 
on the half-maximum widths of Sherrer’s equation [92] using the TOPAS-3 software, which compared 
with the average BET-equivalent particle diameter (dBET) as shown in Figure 4. With the Pd 
concentration increased (P0 to P5), the specific surface area increased (P0 to P5: 63.7 to 80.1 m2/g) 
with decreasing dBET (P0 to P5: 16.8 to 12.4 nm) and dXRD average sizes (P0 to P5: 18.3 to 15.8 m2/g).  

 



Sensors 2007, 7                            
 

 

1167

 
Figure 4. The specific surface area (SSABET), dBET, and dXRD average sizes as a function 

of Pd concentration for samples P0-P5. 
 

 
 
3.1.2. Atomic Force Microscopy (AFM) Analysis 
 

AFM measurements were performed to study the differences on the surface morphology between 
samples P0, P1, and P5 prior to sensor fabrication and the sensing test. The micrographs of samples 
P0, P1, and P5 are presented in Figures 5(a), (b), and (c), respectively, over scales of 500 nm x 500 
nm. Here it has been observed that the samples had agglomerated particles. The average grain sizes 
were found to be almost in the same range of 10-30 nm for all of samples. The surface roughness 
profiles were analyzed based on the sectional analysis of the surface of sample P0, P1, and P5, as 
shown in Figures 5(d), (e), and (f), respectively. The quite smooth surface was clearly evident for 
ZnO; on the contrary, an increasing Pd concentration appeared as a relatively rough surface. 
Meanwhile, the mean roughness value derived from surface roughness profiles was 5.37 nm for pure 
ZnO (P0) whereas the mean roughness value for 1 and 5 mol%Pd/ZnO nanoparticles (P1 and P5) was 
6.19 and 9.36, respectively. It can be observed that the mean roughness value increased with 
increasing the Pd concentration. For 1 mol% and 5 mol% Pd-doped ZnO nanoparticles, the root mean 
square (RMS) values of roughness was found to be 7.80 and 12.34 nm, which higher than the undoped 
ZnO nanoparticles (P0), RMS = 6.74 nm. The RMS values of roughness were found increasing with an 
increase in Pd concentrations. To explain this result, it can be speculated as follows: during the noble 
metal particles (Pd) formation and deposition on the particle support (ZnO) processes in the flame, the 
Pd created a new nucleation centers, which in turn changed the nucleation type from homogeneous to 
heterogeneous, and deteriorated the deposition forming leading to the agglomeration of the tiny Pd 
particles at high doping level. The Pd dispersion was quite poor in an agglomeration of particles 



Sensors 2007, 7                            
 

 

1168

affected to the larger Pd particles. Nevertheless, the Pd dispersion, the Pd sizes and the accurate size of 
particle can be determined by the CO-pulse chemisorption, STEM, and HR-TEM measurements. 
 

Figure 5. AFM micrographs of (a) pure, (b) 1 mol%, and (c) 5 mol% Pd-doped ZnO 
nanoparticles. The sectional analysis of surface roughness profiles of (d) pure, (e) 1 

mol%, and (f) 5 mol% Pd-doped ZnO nanoparticles. 
 

.  
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3.1.3. Scanning Electron Microscopy (SEM) Analysis 
 

Figure 6 shows SEM images of highly crystalline flame-made (5/5) (a) pure ZnO (P0) and doped 
with (b-f) 1-5 mol%Pd/ZnO (P1-P5) nanoparticles at high magnification (100K). The morphology 
showed rather a dispersion of particles, with diameters ranging from 10–20 nm in all samples. It can be 
noticed that as the Pd concentration increased, the ZnO particles size did not increase. In addition, the 
trends in the elemental composition of the agglomerated nanoparticles formed in samples P0, P1, and 
P5 are shown by the EDS line scan mode in Figures 7(a), (b), and (c), respectively. Interestingly, the 
analyzed regions were composed of the nanoparticles, the copper grid, and gold sputtering prior to an 
analyzing. The line scan across the agglomerate for pure ZnO (P0) is indicated in Figure 7(a). The 
right side showed the elemental histograms corresponding to a rich in copper (Cu) caused by the 
contamination of copper grid, poor gold (Au), zinc (Zn), and oxygen (O). Moreover, the EDS line 
scans of Pd dopant were shown in Figures 7(b) and 7(c) with the lowest (P1) and the highest (P5) Pd 
concentrations. While the SEM images provide 3-D morphology and estimated particle sizes, TEM 
images can reveal internal structure and a more accurate measurement of particle size and morphology. 

 
3.1.4. High Resolution-Transmission Electron Microscopy (HR-TEM) Analysis 
 

Figure 8 shows HR-TEM bright-field images of samples (a-c) P0 and (d-f) P5 with different 
magnifications. The corresponding diffraction patterns are shown in the insets. The diffraction patterns 
illustrate spot patterns of the hexagonal structure of ZnO, indicating the ZnO nanoparticles are highly 
crystalline, which is in good agreement with the XRD data. Figures 8(a-f) show the TEM bright-field 
images of the FSP (5/5) made nanoparticles, which were polyhedral aggregated of primary particles. 
Figure 8(a) shows the morphologies of flame made (5/5) ZnO nanoparticles containing mainly 
spheroidal particles typically with diameters ranging from 10-20 nm with occasional hexagonal and 
rod-like particles. The crystalline sizes of ZnO hexagonal particles were in the range of 10-20 nm, and 
nanorod-like particles were in the range of 10-20 nm in width, and 20-50 nm in length. The primary 
particle diameters observed by TEM were consistent with both the dBET and the dXRD. This is 
consistent with the data of Tani et al. [65], Height et al. [71, 72] and Liewhiran et al. [52, 53]. Figure 
8(f) shows that the sizes of Pd nanoparticles were very tiny, when compared with the size of ZnO 
nanoparticles. 
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Figure 6. SEM images of highly crystalline flame-made (5/5) (a) pure ZnO, (b) 1 mol%, 
(c) 2 mol%, (d) 3 mol%, (e) 4 mol%, and (f) 5 mol% Pd/ZnO nanoparticles. 
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Figure 7. The EDS line scan mode-SEM analysis of flame-made (a) pure ZnO, (b) 1 
mol%Pd/ZnO, and (c) 5 mol% Pd/ZnO nanoparticles. The histograms showed the 
elemental compositions of samples. The lines scan corresponding to Zn, O, and Pd 

elements, while Cu and Au caused by the contamination from the copper grid and Au 
sputtered prior to an analysis. 
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Figure 8 (a-c) show HR-TEM bright-fields images of highly crystalline flame-made (5/5) ZnO 
nanoparticles (P0) and (d-f) 5 mol% Pd/ZnO nanoparticles (P5) with different magnifications. Insets 

show the corresponding diffraction patterns of the particles. 
 

   
 

   
 

3.1.5. Scanning-Transmission Electron Microscopy (STEM) Analysis 
 
Figures 9(a, b) show STEM images of sample P5. The images show an agglomerated structure of 

ZnO nanoparticles (gray regions) decorated which discrete Pd particles (bright regions). Figures 9(c, 
d) gives the EDS elemental composition signal associated which each of the two regions as indicated 
in Figure 9 (b). Points 1 and point 2 emphasized clearly yield a signal corresponding to Zn (1, 8.7, 9.6 
KeV), and Pd (2.5-3.5, 21.2, 21.4, 24.5 KeV), while Cu (0.9, 8.1, 8.9 KeV) caused by the 
contamination from the copper grid. It can be clearly seen that the particle sizes in the doped sample 
were not affected by Pd, due to the fact that Pd cannot form a solid solution in the crystal structure of 
ZnO. The sizes of Pd nanoparticles were found to be ranging from 2-12 nm. 

 
 
 
 
 



Sensors 2007, 7                            
 

 

1173

 
Figure 9 (a,b). STEM micrographs of flame-made (5/5) 5 mol% Pd/ZnO (P5) nanoparticles. Small 

Pd particles (2-12 nm) were dispersed and confined to the ZnO surface. The STEM micrographs of 
sample P5 showing an agglomerated structure of ZnO primary particles (gray) together with Pd 
clusters (bright spot). EDS spectra for the region indicated in (c) point 1 and (d) 2 (Figure 9(b)) 

contains Pd deposited on the ZnO support. Cu peaks caused by the contamination from the copper 
grid. 

 

    
 

 
 
3.1.6. CO-pulse Chemisorption Measurement 
 

The influence of Pd additive on the dispersion is shown in Figure 10. From this data, it can be 
clearly seen that when the Pd concentration increased, the corresponding trend of Pd-dispersion/% 
decreased as the Pd particle sizes increased. Without knowing the actual stoichiometry, the Pd 
particles sizes are roughly estimated. Larger crystallite diameters indicate clumping and clusters of Pd, 
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translating into poor dispersion of the Pd on ZnO support. The Pd particles sizes were in the range of 
5-13 nm, which is in good agreement with almost in the same range of Pd sizes (2-12 nm) determined 
correspondingly by STEM micrographs. 

 
Figure 10. Pd-dispersion and Pd particle diameters as derived from CO-pulse 

chemisorption as a function of Pd concentration. 
 

 
 
3.2. Gas Sensing Properties 
 

Figure 11(a) shows the sensitivity (S) and response time (Tres) versus the ethanol concentrations 
ranging from 25-250 ppm plot for the sensors S0, S1, S3, and S5 during forward cycle towards 
reducing gas ethanol at 400°C. The resistance decreased drastically during the gas exposure, a typical 
behavior for ZnO as an n-type semiconductor [26, 52, 53]. The sensitivities of sensor S1 were found to 
increase rather linearly with increasing ethanol concentrations. As the Pd concentration increased from 
1 to 5 mol%, it can be clearly seen that the lowest Pd concentration (S1) can improve the sensor 
behavior in terms of sensitivity (to 250 ppm, S=65.7) and response times, which evidently are better 
than S3 and S5. Further increase of the Pd concentration increased the response time and deteriorated 
the sensitivity (Figure 11(a). The sensor S1 showed the fastest response to ethanol vapor, whereas the 
response of the undoped sensor (S0) was slightly sluggish. The role of the palladium in enhancing the 
sensitivity and response rate of the sensor could be due to the electronic interaction between the 
sensitizer and the semi-conducting material. Figure 11(b) shows the change in resistance of sensor S1 
under exposure to reducing gas ethanol at 25-250 ppm at 400°C during forward and backward cycle. 
The resistance drastically decreased during the gas exposure with increasing ethanol concentration. 
Figure 11(c) shows the plot of sensitivity of S1 during the forward (filled triangles, left axis) and 
backward (filled rectangles, left axis) cycle of the ethanol sensor test in Figure 11(b). The sensitivity 
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consistently increased with increasing ethanol concentration. The forward and backward cycles nearly 
coincide though the response time during the forward cycle was slightly lower than the backward. On 
the other hand, the sensitivity during the forward cycle was slightly higher than the backward one. The 
response (solid line, right axis) and recovery time (dashed line, right axis) times during the forward 
cycle (open triangles) and backward (open rectangles) cycle were also included in Figure 11(c). Tres 
was within seconds during the backward and forward cycle; this slightly decreased at increasing 
ethanol concentrations (in the order of 10 s). Tres was 60 and 15 s during the forward cycle at 25 and 
250 ppm, respectively. Compared with the same material references reported, Baruwati et al. [43] 
reported the response characteristics for 0.1 wt% Pd/ZnO nanoparticles to 200 ppm ethanol gas at 
170ºC. The response and recovery times were found to be 60 s, and 10 s, respectively. Compared with 
undoped material references reported by Liu et al. [22], these sensors produced from flame-made ZnO 
nanoparticles have higher sensor signal and shorter response times than those made from ZnO single 
crystal flakes with different sizes and morphology of particles (to 300 ppm, S=14.3, Tres=62 s).  

Moreover, Choopun et al. [32] reported that ZnO nanobelts RF-sputtered onto a copper tube. The 
sensor was tested at operating temperatures ranging from 200-290ºC with ethanol concentration levels 
of 50-2000 ppm, e.g. at 220ºC, when the ethanol concentration increased from 50 to 1000 ppm, the 
sensor signal increased from 7.3 to 23.2. In addition, Lv et al. [33] reported that the sensor fabricated 
from ZnO nanorods with average diameter about 95 nm and tested at operating temperatures ranging 
from 150-450ºC under exposure of ethanol gas. It showed the highest sensing performance (to 100 
ppm, S=120) at 450ºC. The sensor signal to 1000 ppm ethanol gas enhanced with the increasing of 
operating temperature from 293 to 450ºC. Also Zhu et al. [46] reported that ZnO nanorods and needle-
shaped had a sensor response of 12 to 100 ppm of ethanol at 420ºC. For comparison with other doping 
materials, Chou et al. [47] reported the ethanol sensing of ZnO doped with Al thin films prepared by 
RF magnetron sputtering on Si substrate interdigitated with Pt electrodes. The gas sensing results 
showed the sensor signal for detecting 400 ppm ethanol vapor was about 20 at 250ºC. The response and 
recovery times were about 2-4 min, with good reproducibility. Comparing with  different materials, 
Teleki et al. [15] reported the flame-made TiO2 spherical particles film about 30 μm thick prepared by 
drop-coating of heptanol suspension of these powders, and the sensing test at 500ºC with ethanol at 
concentration ranging from 10-75 ppm. A sensor showed the highest sensor signal at 75 ppm (S=30) in 
ethanol concentration. The response and recovery times of the sensor based on flame-made ZnO 
nanoparticles were within a few minutes for pure ZnO. After Pd incorporation, the response time 
decreased to seconds (in the order of 10 s). 

The noble metal (Pd) additive was showing fast response to alcohol vapors, whereas without 
palladium the response of the sensor is slightly sluggish [44]. This is because the addition of a noble 
metal is very important for the detection of a specific gas like ethanol. The role of the palladium in 
enhancing the sensitivity and response rate of the sensor element could be due to the electronic 
interaction between the sensitizer and the semi-conducting material. Further addition of Pd was 
primarily important for increasing the sensitivity, response rate and the selectivity of the sensor. This 
can be elaborated by considering the role of different contributions individually to the sensing 
phenomenon as follows: 

When the metal-semiconductor (Pd–ZnO) contact is formed, a barrier is formed at the interface 
that is fully characterized by the electron affinity of the semiconductor, the work function (i.e. the 
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minimum energy required to take out electron from the metal surface) of the metal and the surface 
state density of the semiconductor inside the energy gap [43]. In equilibrium and in the absence of any 
gas, if the metal work function is large, a depletion layer will be developed in the semiconductor. For 
those metals with high work function, this depletion region of electrons is much more pronounced, 
which gives rise to a larger barrier height. This manifests a larger electrical resistance of the sensor 
material (semiconductor and metal) in air. When exposed to a reducing gas, the change in resistance, 
because of the decrease in junction barrier height becomes more significant and in effect this increases 
the value of the gas response. 

 
Figure 11. (a) Sensitivity of S0, S1, S3, and S5 (solid line, left axis) and the corresponding response 
time (dashed line, right axis), (b) Change in resistance of sensor S1 under exposure to reducing gas 

ethanol during forward (triangles) and backward (rectangles) cycle and sensitivity (left axis) 
dependence on ethanol concentration (c) in dry air O2/N2 at 400ºC. Response times (Tres, solid line, 
right axis) were within seconds, recovery times within a few minutes (Trec, dashed line, right axis). 
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- Nanostructuring of the based-semiconducting oxide also contributes to the improvement in the gas 
response by larger surface area because here the complete particle contributes to the gas sensing 
phenomenon (D ~ 2L, where D is the particle diameter and L is the Debye length). The larger sur-
face area of the materials synthesized also facilitates the gas detection at much lower temperatures 
[43]. In addition, palladium is known to have a catalytic effect due to its excellent oxidation 
capability to convert hydrocarbons at lower temperatures making the sensor selective to 
hydrocarbons [43-45]. 
Figure 12 illustrates the characteristic MS peak intensities of interactions between reducing gas 

ethanol and surface-adsorbed oxygen species of sensing layer S1 sample including C2H5OH (mass 46) 
with those of its oxidation products (CO2 (mass 44) and H2O (mass 18)) versus times in dry air (N2/O2) 
at 400°C . The ion intensities were shown as rather strong peaks of CO2. This is because CO2 was the 
majority product oxidized with oxygen on the surface of semiconductor materials. 

 
Figure 12. MS ion intensity as a function of time during ethanol oxidation in dry air at 

400°C (25-250 ppm) over a sensor S1 sensing film. 
 

 
 

 
3.3. SEM-Film thickness sensing layer 
 

The cross-section, film thickness, and surface morphology of the sensing film layer (S1) after a 
sensing test at 400°C were observed using SEM analysis as shown in Figure 13(a). The film thickness 
of sensing film was about 5 μm, which benefited tremendously to ethanol gas sensing properties. The 
high density Al2O3 substrate interdigitated with Au electrodes was also visible. The square emphasized 
the investigation selected area at high magnification to an aggregated of primary particles. The particle 
sizes of nanoparticles slightly changed after annealing and sensing test were also shown in the inset. 
The EDS elemental mapping is shown in Figure 13(b), which gives the EDS elemental composition 
signals associated with the whole regions as indicated in Figure 9(a). The EDS elemental signals 
emphasized clearly yield the signals corresponding to Al, Zn, O, and Pd, while Au caused by the 
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contamination from the gold sputtering, which sputtered prior to an analyzing. After annealing 
process, a denser film layer was formed. Regularities and preciseness in the film thickness stem from 
the doctor-blade technique. 

 
Figure 13.  (a) The film thickness was approximately 5 µm (P1) doctor-bladed onto an 
Al2O3 substrate interdigitated with Au electrodes (side view) cross-section after sensing 
at 400°C in dry air (S1). The square emphasized the particle sizes as particles slightly 

changed after annealing and sensing test are also shown in the inset. (b) The EDS 
elemental signals emphasized clearly yield the signals corresponding to Al, Zn, O, and 

Pd, while Au caused by the contamination from the gold sputtering. 
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4. Conclusions   

The flame-made pure ZnO and 1-5mol%Pd/ZnO nanoparticles used as ethanol gas sensors were 
successfully produced by flame spray pyrolysis. The XRD patterns showed that the particles 
corresponding to hexagonal phase of ZnO. Pd peaks were not found all of samples, and also the 
corresponding Al2O3, Au, and ZnO peaks were evidently seen from the flame made ZnO nanoparticles 
printed on Al2O3 substrate interdigitated with Au electrodes after sensing test at 400°C as an ethanol 
sensor. The trend of specific surface area increased, the dBET and dXRD average sizes decreased with 
increasing Pd concentration. The dXRD average sizes calculated using conspicuous peaks based on 
XRD fitting of flame made ZnO as-prepared and after annealing and sensing test at 400°C were found 
to be slightly changed. The surface morphology (RMS roughness), elemental compositions, and 
accurate size of the ZnO and Pd nanoparticles were further investigated by AFM, SEM (EDS line scan 
mode), and TEM measurements, respectively. The root mean square (RMS) values of roughness were 
found to increase with an increase in Pd concentrations. The morphologies of ZnO nanoparticles were 
observed to be mainly spheroidal particles typically with diameters ranging from 10-20 nm with 
occasional hexagonal and rod-like particles. The crystalline sizes of ZnO hexagonal particles were 
found to be in the range of 10-20 nm, and nanorod-like particles were found to be ranging from 10-20 
nm in width and 20-50 nm in length. The Pd dispersion and Pd particles sizes calculated by CO-pulse 
chemisorption technique (5-13 nm) and observed by STEM micrographs (2-12 nm) were found to be 
almost in the same range. For the sensor test, with the lowest Pd concentration and the best Pd-
dispersion (S1) showed the best sensitivity and the fastest response time to ethanol concentration of 
250 ppm at the sensing operating temperature of 400°C. The sensing performances were deteriorated 
evidently with increasing Pd concentration. The response times were quite good at lower Pd 
concentration. MS ion intensities measurement can be clearly confirmed the catalytic effect of Pd and 
oxidation process with reducing gas ethanol in terms of the oxidation products. Thick (5 μm) ZnO 
films showed tremendously the sensing characteristics e.g. sensitivity and fast response times (to 250 
ppm, 15 s). The recovery times were quite long within minutes. This present study showed the FSP 
method to control the morphology, sizes, and Pd doping of nanopowders using the appropriate 
precursor and flame conditions, the effect of Pd loading on ethanol sensing behaviour improvement in 
terms of sensitivity, shorter response, and recovery times, and their characterizations. 
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