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ABSTRACT

In this work, the influence of Cu and Ni doping on the propane gas (C3H8)

detection of zinc oxide (ZnO) samples was evaluated. Three powder samples:

(a) pure ZnO, (b) Ni-doped ZnO, and (c) Cu-doped ZnO, were obtained by

homogenous precipitation method. The Ni and Cu concentration was of 1 at.%.

The X-ray diffractograms indicate that all samples showed a hexagonal wurt-

zite-type crystal structure. Micrographs obtained by scanning electron micro-

scopy (SEM) show a spherical surface morphology typical of nanostructured

materials in the pure ZnO and ZnO/Ni samples. The gas sensing devices were

manufactured by pressing the powders in pellets form. The sensing response of

all pellets was measured by the surface electrical resistance change in a propane

(C3H8) atmosphere at concentrations from 0 to 500 ppm at different operation

temperatures (100, 200, and 300 �C). ZnO/Cu pellet presented the highest

resistance change, registered at 300 �C in a propane concentration of 500 ppm.
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1 Introduction

It is well known that many dangerous substances are

emitted into the atmosphere, mainly due to industrial

activity and the accelerated urbanization in the last

decades [1–3]; hence, the use of gas sensors to detect

and monitor these substances is essential [3]. Studies

on gas sensors based on metal oxide semiconductors

(MOS) researches, specifically chemical sensors, play

an important role in the development of sensing

devices used for controlling the toxic gases in the

environment [4], that is why in recent years, there has

been an increase in the development of sensors with

high performance in their response magnitude and

selectivity; additionally, a low manufacturing cost

[1, 5–7]. There is currently a wide range of MOS used

in the field of gas sensors, for example: ZnO [8], TiO2

[6–9], SnO2 [10], MgSb2O6 [11], ZnMn2O4 [12], V2O5

[13], CuO [14], and CuFe2O4 [15], among others.

Among the oxides mentioned above, ZnO is one of

the most widely studied, since it exhibits a wide

variety of morphologies which are beneficial for gas

sensing applications; among the nanostructures

reported, we can mention nanoflowers [16], nanorods

[17], nanowires [18], and nanosheets [19]. It has been

reported that some of the mentioned nanostructures

favor the sensitivity and response speed to the ana-

lyte gas as compared to the structures in flat thin

films and bulk materials; this is due to higher sur-

face–volume ratio. Therefore, materials with high

surface area are potentially promising for gas sensors

[1, 2, 5]. Furthermore, the specific surface area is

increased in smaller particles, which in turn

improves the gas detection performance; in this

respect, it has been stated that the sensitivity mag-

nitude depends partially on the shape and dimen-

sions of particles [7, 20].

ZnO has been studied in its various structures,

such as nanorods used in gas sensors to detect etha-

nol, with a high reversible and rapid response to

reducing ethanol [3, 7]. Nanotubes used to detect

nitrogen dioxide, showing excellent detection capac-

ity with a response of 500 ppm at 30 �C [21]. Nano-

wires were manufactured for interaction with various

gas environments, identifying a significant influence

on the detection of carbon monoxide, and [20] highly

sensitive gas sensors in ethanol detection [22].

Nanoparticles were connected to each other forming

ZnO chains for the detection of NO2, H2 and CH4,

reflecting a high and reversible response in chemical

sensors [23].

Another strategy commonly used in the design

MOS, particularly in ZnO, gas sensors is through the

doping. For example, authors such as Diaz et al. [2]

evaluated the reducing effect of H2 and CO, doping

the ZnO with Au nanoparticles, obtaining a high

response to H2 gas but poor response to CO. Dilo-

nardo et al. [3] investigated the influence of ZnO

doping with Au nanoparticles, finding a significantly

better detection response of NO2 compared to non-

doped sensors. Ganbayle et al. [24] analyzed Ni-

doped ZnO gas sensors, showing excellent detection

capacity and improved selectivity. Deshwal and

Arora [25] reported a study of ZnO acetone sensors

doped with Au, detecting a very high sensitivity of

fast response and short recovery times, in contrast

with undoped ZnO. However, so far, most studies

have been focused on ZnO thin films doped with

elements of the I-B and VIII-B family, such as Au, Ag,

Pd, and Pt, among others. These elements present the

disadvantage of the high cost and low availability in

the market. In this sense, this paper presents the

doping of ZnO powders with Cu and Ni which are

elements of high availability and low cost. The

sensing properties of doped ZnO powders were

evaluated in the detection of propane gas.

It is worth mentioning that the synthesis route of

both pure ZnO and doped ZnO was by the homo-

geneous precipitation technique, which presents

three main advantages, high reproducibility, sim-

plicity, and low cost, since it does not require

sophisticated equipment.

2 Experimental procedure

2.1 Synthesis of ZnO samples

Pure and doped ZnO powders were synthesized by

the homogeneous precipitation technique. Zinc acet-

ate hydrate (Zn(CH3COO)2�2H2O, 97%, Sigma

Aldrich) at 0.1 M, 0.8159 g of sodium hydroxide

(NaOH, 97%, Sigma Aldrich), and 100 ml of ethanol

(C3H5OH, JT Baker) were used as Zn precursor,

precipitating agent, and solvent, respectively. The

mixture of these three reagents was heated at 70 �C
and then stirred with a magnetic bar at 1200 rpm

during 120 min. Nickel nitrate (Ni(NO3), 99%, Sigma

Aldrich) and copper chloride (CuCl, 90%, Sigma
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Aldrich) both at 1 at.% were used as dopant precur-

sors of ZnO powders.

The resultant solution was centrifuged at 4500 rpm

for 6 min in a centrifuge machine (Eppendorf, Model

5430), and then thrice washed with methanol. Sub-

sequently, the paste obtained was dried in a con-

ventional oven at 100 �C for 1 h and finally dried at

400 �C for 2 h in air atmosphere in order to remove

residual organic materials. The sensor pellets with a

diameter of 10 mm were manufactured in a

mechanical press (ITAL Mexicana) at a pressure of

10 T for 5 min. Two-point ohmic contacts were

placed on surface pellets using high-purity silver

paint (from SPI).

2.2 Characterization of pure and doped
ZnO powders

Chemical composition and crystalline structure were

determined by X-ray diffraction by using a X’PERT-

PRO diffractometer (PANalytical). The X-ray mea-

surements were carried out by using the Cu-Ka

radiation (k = 1.54060 Å) and a 2h angle ranging from

30� to 80�. Elements composition was analyzed by

energy-dispersive X-ray spectroscopy (EDS) in all

powder samples. Morphological analysis was devel-

oped with a AURIGA scanning electron microscope

(SEM). The surface area of the pellets (ZnO, ZnO/Ni

and ZnO/Cu) was estimated using the BET tech-

nique (Brunauer–Emmett–Teller (BET): Micromerit-

ics, Gemini 3240) by 12-point nitrogen adsorption.

This analysis was carried out after a degassing pro-

cess of the pellets at 150 �C for 2 h. Gas sensing

characterization consists of measuring the surface

electrical resistance of the manufactured pellets

placed into a quartz chamber containing propane gas

(C3H8) at concentrations varying in the 0–500 ppm

range at variable operating temperatures, 100, 200,

and 300 �C. A Keithley 2001 multimeter was used for

electrical resistance measurements, whereas the pro-

pane concentration was controlled indirectly with a

Leybold Thermovac TM20 vacuum gauge controller.

The gas response estimated from the sensitivities,

S, of the pellets was calculated as S = [Ra - Rg]/Rg,

where Ra is the electrical resistance measured in air

and Rg is the resistance measured in a propane gas

atmosphere.

3 Results and discussion

3.1 Structural and morphological
properties of ZnO powders

Figure 1(a) shows the X-ray diffractograms of pure

and Ni and Cu-doped ZnO powders. In all the

spectra, nine well-defined peaks are present, which

correspond to the hexagonal wurzite-type ZnO

structure, according to the JCPDS 01-089-0510 card

[26]. The highest intensity peak localized at

2h = 36.21� is associated with the (101) plane. A low

scan of the analysis angle between 35� and 38� allows

the observation of a right-slight shift of the (101) peak

for doped samples, see Fig. 1b, which is indicative of

the incorporation of the dopant elements, Ni and Cu,

in the hexagonal zinc oxide lattice. This shift is

Fig. 1 a X-ray diffractograms for all the samples. b Close up to (101) peak at 2h = 36.21�
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attributed to the difference between ionic radius sizes

of zinc (0.74 Å) and dopant elements, nickel (0.78 Å)

and copper (0.69 Å), producing a slight distortion of

the crystal structure due to tension of the lattice.

The average crystallite size, Dhkl, was calculated

using the Scherrer equation:

Dhkl ¼ ck=bcosh;

where c is the shape constant (* 0.89), k is the

wavelength of the Cu-Ka radiation (1.54060 Å), h is

the Bragg angle, and b is the full half-maximum

width (FHMW) value of the peak in radians [27]. The

full width at half-maximum (FWHM) of the rocking

curve peak is taken as a relative measure of the (101)

plane. The crystal size for pure ZnO is around the

34.3 ± 0.005 nm, while for the ZnO-doped samples,

the crystal size is 37.4 and 37.9 ± 0.005 nm, ZnO/Ni

and ZnO/Cu, respectively.

Figure 2 shows SEM micrographs of (a) pure ZnO,

(b) Ni-doped ZnO, and (c) Cu-doped ZnO samples.

Typical spherical morphology presented in nanos-

tructured semiconductor oxides is observed in the

three SEM images; the estimated particle average

sizes are 34, 49, and 52 nm, respectively. All samples

present similar particle size although the pure ZnO

sample shows the formation of more lineal assembles

than other two, see Fig. 2a. On the other hand, the

Cu-doped ZnO sample suggests morphology with

some hexagonal slices, Fig. 2c.

3.2 Energy-Dispersive X-ray analysis (EDX)

The EDX analysis confirms the existence of the ele-

ments, Zn, O, Ni, and Cu, in the respective samples,

as was expected. The inner insets correspond to the

SEM images of the analyzed zone. The carbon

detected in the right EDX spectrum comes from the

formvar/carbon-coated grid used for this analysis.

Table 1 shows the results of the quantitative analysis

in atomic percentage of the pure and doped ZnO

samples (Fig. 3).

Fig. 2 SEM images of a pure ZnO, b Ni-doped ZnO, and c Cu-

doped ZnO samples

Table 1 Quantitative analysis of the elements of pure and doped

ZnO samples

Elements ZnO/Ni ZnO/Cu

Wt% At.% Wt% At.%

Zinc 73.73 48.47 65.25 34.12

Oxygen 18.40 49.43 19.89 27.38

Nickel 2.87 2.10 – –

Cupper – – 1.80 0.78
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3.3 BET analysis

The surface area and the pore volume in all processed

pellets were estimated by using the BET technique.

BET analysis results are presented in Table 2.

According to the values obtained, the Cu-doped ZnO

sampler showed the highest surface area, 16.24 m2/

g-1 with a pore volume of 0.024 m3/g-1.

3.4 Gas sensing properties of ZnO samples

The electrical resistance measurements as a function

of the propane concentration and operation temper-

atures were developed in pellets manufactured from

the three different powders, namely, pure and Ni and

Cu-doped ZnO; Fig. 4a–c shows these results. It is

evident that none sample presented resistance vari-

ation at the lowest operation temperature, 100 �C, in
all the propane concentrations range used

(0–500 ppm), and both pure ZnO and Cu/ZnO pel-

lets neither showed changes at 200 �C, in contrast to

Cu-doped ZnO that registered a significant variation

around two orders at 200 �C; similar results have

been reported in others n-type oxide semiconductors

[10].

Measurements carried out at 300 �C and 500 ppm

show that all samples present high sensitivity

magnitudes, which oscillate from three orders for

pure ZnO to five orders in Ni-doped ZnO. Table 3

presents the electrical resistance values measured at

300 �C and different propane concentrations of the

three manufactured pellets.

The sensitivity behavior with the operation tem-

perature is directly attributed to the surface

chemisorption of the different oxygen species at

temperatures between 300 and 450 �C, as has been

stated by J. Morales [28] and B. Shohany [29], since

the oxygen adsorbed on the sensor surface is more

reactive (O- or O2-) in this temperature range;

therefore, the reaction occurring on the surface of the

pellets is given as follows: O-
2ads ? e- = 2O-

ads, as

this increases the temperature [15].

On the other hand, an adsorption mechanism

occurs on the ZnO surface when the chemisorbed

oxygen species interact with propane gas molecules

and these are dissociated and react with the different

oxygen species, causing the release of electrons in the

band conduction, which in turn decreases the surface

potential barrier causing an increase in electrical

conductivity [8].

The sensitivity magnitudes of samples measured at

300 �C, estimated by the equation S = [Ra - Rg]/Rg,

is shown in the plot presented in Fig. 5. Similar to the

behavior of the resistance change magnitudes, the

maximum responses were obtained at the maximum

propane concentration used, 500 ppm, and the max-

imum sensitivity value was presented in the Cu/ZnO

sample. Both doped samples registered a better

sensing response than pure ZnO sample. This

behavior could be attributed the generation of stress

in the film due to the Ni/Zn and Cu/Zn ratio radius,

which generates more oxygen vacancies and

Fig. 3 EDX analysis spectra of a Ni-doped ZnO and b Cu-doped ZnO samples

Table 2 Surface area and total pore volume of the chemical gas

sensors

Sample ID BET area (m2/g-1) Total pore volume (m3/g-1)

ZnO 12.50 0.016

ZnO/Ni 13.47 0.023

ZnO/Cu 16.24 0.024
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interstitial oxygens [30, 31] for adsorbed and increase

the sensibility performance. The sensitivity values are

reported in Table 4.

4 Conclusion

Semiconductor powders based on pure ZnO, Ni-

doped ZnO, and Cu-doped-ZnO were synthesized by

the homogeneous precipitation technique. Structural

characterization indicated that pure and doped ZnO

samples were polycrystalline with a hexagonal

wurtzite-type structure. The morphological analysis

Fig. 4 Graphs of electrical resistance versus propane concentration of a pure ZnO, b Ni-doped ZnO, c Cu-doped ZnO pellets

Table 3 Electric resistance

values of pure and Ni and Cu-

doped ZnO pellets at different

propane concentrations at an

operating temperature of

300 �C

Sample ID Propane gas concentration (ppm)

0 1 5 50 100 200 300 400 500

Electric resistance [MX]
ZnO 475 470 338 246 167 87.21 25.36 5.64 1.27

Ni/ZnO 210 207 200 165 84.2 10.14 1.36 0.012 0.0034

Cu/ZnO 300 295 284 236 148 95.6 18.32 0.058 0.00036
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showed that the powders present a small size that is

suitable for manufacturing gas sensors, as the area/

volume ratio is high. The pellets’ sensitivity

improved markedly with the doping process. Cu-

doped ZnO pellets showed the highest sensitivity,

even the Ni-doped ZnO pellets shows an adequate

response for an operating temperature of 200 �C.
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