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Abstract: One of the challenges in realizing metal oxide semiconductor gas sensors is 

to enhance the sensitivity of active materials in order to respond to the low 

concentration of detecting gases effectively and efficiently. In this report, transition 

metals such as Mn, Ni, Cu, and Co are used as dopants for the synthesis of highly 

formaldehyde-sensitive ZnO nanorods prepared by plasma enhanced chemical vapor 

deposition (PECVD) method. All the doped ZnO nanorods show improved 

formaldehyde-sensitivity as compared to undoped ZnO nanorods, and a gas sensitivity 

maximum of ~25 /ppm was obtained by using 10 mol% CdO activated 1.0 mol% Mn 

doped ZnO nanorods. Moreover, the ZnO nanorods have a higher sensitivity as 

compared to ZnO nanomaterials prepared by other methods such as precipitation and 

hydrothermal, which can be attributed to the abundant crystal defects induced by the 

dopants in a short crystallization process in this PECVD method. 

 

Keywords: plasma-enhanced chemical vapor deposition; ZnO nanorods; transition 

metal dopants; formaldehyde gas sensors 
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1. Introduction  

Zinc oxide (ZnO) is a versatile semiconductor material showing great potentials in 

piezoelectronics [1], solar energy harvesting [2], and gas sensors [3] etc., due to its 

abundance in earth and excellent electronic and optic properties. Since the first gas 

sensor reported by Seiyama et al. [4], ZnO based gas sensing elements have been one 

of the research focuses for the wide applications ranging from environmental toxic 

gas detection to domestic safety explosives alarming [5, 6]. However, the sensitivity is 

always one of the bottlenecks impeding sensor applications, especially when the 

detecting gas (detectant) has an extremely low permissive concentration. For example, 

as one of the common carcinogenic volatile organic compounds (VOCs), 

formaldehyde is strictly confined in the indoor air to be less than 0.8 mg/m
3
 (~0.6 

ppm) in most countries worldwide. In this context, super sensitive gas sensing 

materials are being explored recently to sense these trace gases [7-10]. 

From gas sensing materials point of view, the morphology (e.g. diameter of 

nanoparticles) [11], stoichiometry (e.g. oxygen vacancy) [12] as well as composition 

(e.g. dopants) [13, 14] all have significant influences on their gas sensing properties, 

in which the role of stoichiometry is widely concerned nowadays. In our previous 

studies, we proposed and verified a counter-intuitive sensing mechanism that high gas 

sensing property is expected when there are more donors than acceptors in ZnO 

nanoparticles prepared by the precipitation method [15] and ZnO nanorods with 

different aspect ratios prepared by the plasma-enhanced chemical vapor deposition 

(PECVD) method [16]. And recently, Chen et al. [17] also proved the dependence of 
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NO2 gas sensing property of ZnO nanoflakes on the crystal defects. All these results 

highlight the effect of crystal defects in ZnO materials on the corresponding gas 

sensing properties.  

Doping by other elements has long been verified to be an effective way to tailor 

the concentration of donors and acceptors in semiconductors, which is widely used to 

improve the gas sensing property of metal oxide semiconductors. For example, 

Sn-doped ZnO material showed a higher sensitivity than pure ZnO prepared by both 

precipitation and hydrothermal methods [9, 10, 18, 19]. However, it should also be 

noted that crystal defects are highly dependent on the preparation method of materials. 

For example, ZnO precursors would typically undergo a fast evaporation and 

recrystallization process in PECVD method, and thus more crystal defects are 

produced due to the incomplete crystallization. In contrast, in hydrothermal and 

precipitation processes, ZnO precursors undergo a long duration of high temperature 

crystallization, which minimizes crystal defects and thus decreases the gas sensing 

property. In our previous reports, ZnO nanorods prepared by PECVD method showed 

a higher sensitivity to formaldehyde than ZnO nanoparticles prepared by 

hydrothermal and precipitation methods [15, 16, 18].  

Consequently, aiming at introducing more crystal defects into ZnO crystals to 

further improve the sensitivity, we combined doping method by transition-metal (Cu, 

Co, Ni, Mn) and preparation method by PECVD method in this report, and higher 

formaldehyde sensing ZnO nanorods were obtained accordingly. 
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2. Experimental 

2.1 ZnO nanorods preparation 

The transition metal doped ZnO nanorods prepared are similar to the thermal plasma 

synthesis method as we reported earlier [20]. Briefly, zinc powders and metal 

chlorides were mixed together as starting materials and feed into the plasma by a 

carrier gas. Oxygen was then introduced into the Argon plasma (30 kW, 4 MHz) 

together with the sheath gas to react with the starting materials. After the vaporization, 

reaction and crystallization process, the transition metal doped ZnO nanorods were 

obtained at the bottom of the collector. Transition metals such as Cu, Co, Ni, and Mn 

were adopted as the dopant, with the precursors of CuCl2, CoCl2, NiCl2 and MnCl2 at 

the required concentrations. 

2.2 Characterization  

The morphology and composition were characterized by a scanning electron 

microscope (SEM, JEOL JSM-6700F, Japan, 5 kV, 10 μA) and energy dispersive 

spectra (EDS) and a transmission electron microscope (TEM, HITACH600A, Japan). 

The crystal phases were identified using X-ray diffraction (XRD, Panalytical X’pert 

Pro, the Netherlands, Cu-Kα1 radiation of λ = 0.15406 nm, 40 kV, 30 mA). The 

Raman spectra were measured on Horiba Jobin Yvon LabRAM HR800 Raman 

Microscope (514 nm Ar laser, 20 mW, France). And the PL spectra were recorded 

from 350 nm to 600 nm at room temperature by a 325 nm excitation from Xe lamp 

(Perkin Elmer LS 55 fluorometer). 

The formaldehyde gas sensing properties of ZnO-based nanorods were examined 
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by using a home made instrument (see Supporting Information, Figure S1) as we 

reported earlier [21, 22]. Briefly, ZnO nanorods were ultrasonically dispersed in 

ethanol, and then drop-coated on a quartz sheet with two Pt wires connected on both 

ends using Ag paste (Wuhan Shuangjian Inc., China) to form a sensor prototype. The 

sensor was placed in a tube furnace to provide the work temperature. Formaldehyde 

was introduced into the quartz tube by bubbling its aqueous solution (0, 0.02, 1, 5, 10 

wt%) using air (600 ml min
-1

), whose concentration in gaseous phase was detected 

(Chinese standard GB/T 15516-1995) to be 0, 1, 32, 85, 205 ppm and the relative 

humidity (RH) was monitored by a humidity sensor to be 70 ± 10% at 25 
o
C. The bias 

on the sensor was set to 5 V and the current was recorded using Keithley 2601 

Source-meter (Keithley Instrument Inc., the USA). The gas response is defined as the 

ratio of sensor resistance in air and in detectant (Ra/Rg), and sensitivity is defined as 

the ratio of response and corresponding concentration (response/ppm).  

 

3. Results and Discussion 

3.1 Preparation of Mn-doped ZnO nanorods 

Figure 1 shows the morphology change of ZnO nanorods with different Mn doping 

concentrations ranging from 0.25 mol% to 4.0 mol%. It is obvious that the length of 

ZnO nanorods decreases a lot as the Mn doping concentration increases as observed 

by SEM and TEM in Figure 1 (a)-(e). The typical lengths of Mn-doped ZnO 

nanorods are observed by TEM as shown in Figure 1 (a)-(e) inserts, and the axial 

growth rates are calculated as shown in Figure 1(f) based on the length and the 

residing time of the precursors in the plasma chamber. It is obvious that the growth 
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rate was greatly depressed by the high Mn doping concentrations. Compared to the 

pure ZnO nanorods (mean length of ~2 μm) as reported earlier [16], even the small 

doping concentration of 0.25 mol% Mn would make the nanorods shorter (mean 

length ~1.5 μm). All these show the suppression effect of Mn dopants on the axial 

growth of ZnO crystals. Mn prefers the tetragonal coordination with tetragonal or 

cubic structure in oxides (e.g. PDF 01-0799 and 01-1061), while the ZnO crystal is 

tetragonal coordinated with hexagonal structure (PDF 010890511); therefore, if Mn 

is doped into the ZnO crystal, an extra energy should be provided and the ZnO lattice 

is then distorted a bit. It is also noted that although all the XRD patterns of Mn-doped 

ZnO nanorods show the wurtzite structural peaks as shown in Figure 2 (a), the peak 

at ~34.5
o
 (corresponding to (002) plane) is shifted accordingly with the Mn dopant 

concentration as shown in Figure 2 (b). According to the Bragg’s law, a Mn doping 

concentration of 2.0 mol% (the concentration was also verified by EDS results) would 

increase the plane spacing of ZnO (002) plane by 0.002 nm. Moreover, Mn-O related 

Raman shifts at ~529 and 573 cm
-1

 also begin to appear at a low Mn doping 

concentration of 0.25 mol% as shown in Figure 3 as compared with the Raman shift 

of pure ZnO (3E2L vibration mode at ~329 cm
-1

 and E2H mode at ~438 cm
-1

) [23, 24]. 

Consequently, all these results proved the successful doping of Mn into the ZnO 

crystal with different concentrations. 

3.2 Gas sensing property of Mn-doped ZnO nanorod 

The gas sensing property of Mn-doped ZnO nanorods are measured by using 

formaldehyde as a probe at 300 and 400 
o
C, where gas sensing maxima are obtained 
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for ZnO related materials, as shown in Figure 4. From Figure 4(a), it is obvious that 

1.0 mol% Mn-doped nanorods have the highest formaldehyde gas sensing property at 

both 300 and 400 
o
C, with a maximum response of 92 to 32 ppm formaldehyde at 300 

o
C. From the response and recovery curves in Figure 4(b), the response and recovery 

time (defined as the times needed for the signal to arrive at 90% and get back to 10% 

of the full response) are estimated to be in the order of seconds considering 1-2 min is 

needed for the saturation of formaldehyde gas near the sensor (for details see 

Supporting Information Figure S1 and S2). Furthermore, a linear response of the 1.0 

mol% Mn-doped ZnO to different concentrations of formaldehyde is also attained as 

shown in the calibration curve in Figure 4(c). Then the sensitivity (defined as 

response/ppm) can be estimated to be as high as ~2.9/ppm. 

It is reported CdO particles can activated In2O3 materials to further increase the 

gas sensing property [7, 8], and we also reported a highly sensitive, selective and 

stable CdO activated Sn-doped ZnO material based formaldehyde gas sensor [10]. 

Then in this study, we used CdO (10 mol%) to activate the 1.0 mol% Mn-doped ZnO 

nanorods (by dipping the doped ZnO nanorods into Cd(NO3)2 aqueous solution and 

then calcination) for the higher sensitivity. The sensitivity of the above-mentioned 

CdO activated Sn-doped ZnO nanoparticles by co-precipitation method and 

Mn-doped ZnO nanorods by PECVD method are compared in Figure 5. A far higher 

sensitivity of ~25 /ppm was yielded for the 1.0 mol% Mn-doped ZnO nanorods as 

compared to the sensitivity of 10 /ppm for the 2.2 mol% Sn-doped ZnO nanoparticles 

[10]. This would give a 1.5X response to the permissive formaldehyde concentration 
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of 0.6 ppm in indoor air standard, which is appealing in the real applications. 

Moreover, the response and recovery time of CdO activated Mn-doped ZnO nanorods 

are far shorter than those of CdO activated Sn-doped ZnO nanoparticles. CdO is also 

an n-type semiconductor (Eg~2.3 eV), and there is believed to be excess Cd in the 

surface layer of CdO [25]. The excess Cd might be the key to favoring oxygen 

adsorption in gas sensing process of ZnO. 

Ni, Cu, Co were also adopted as dopants (0.5 mol%) in the ZnO nanorod growth 

with SEM images shown in Figure 6 (a)-(c). All samples show the nanorod-shape 

morphology, although the Cu-doped ZnO nanorods have a much larger length and 

forms clusters as shown in Figure 6 (b). The doped ZnO crystals are all in wurtzite 

phase as shown in the XRD pattern in Figure 6 (d). The formaldehyde gas sensing 

properties of the Ni, Cu, Co doped ZnO nanorods are tested as shown in Figure 7. For 

comparison, we also prepared Sn-doped ZnO nanorods by PECVD, and plotted the 

responses of pure ZnO nanorods and Sn-doped ZnO nanorods together. It is obvious 

that doped ZnO have much higher response than the undoped one, and Co, Ni, Sn 

doped ones have a nearly 4-fold increase in the response.  

The formaldehyde gas sensitivity is compared regarding pure and different metal 

doped ZnO nanorods and nanoparticles prepared by PECVD, co-precipitation and 

hydrothermal methods, as shown in Table 1. A general conclusion can be found that 

sensitivity of ZnO material can be improved by doping by proper metals, e.g. Sn 

dopant in all the three preparation methods. More importantly, the pure and doped 

ZnO nanorods prepared by PECVD method all have a far higher sensitivity as 
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compared with their counterparts in both precipitation and hydrothermal methods. For 

example, pure ZnO nanoparticles and nanorods prepared by precipitation and 

hydrothermal methods only have a sensitivity of 0.1-0.3/ppm, which is far lower than 

that of pure ZnO nanorods (~0.6/ppm) prepared by PECVD. Although Mn-doped 

ZnO material shows a decreased sensitivity as prepared in precipitation method 

(~0.1/ppm), it has a far higher sensitivity if prepared by PECVD methods (~2.9/ppm). 

All these results show the superiority of PECVD method in preparing highly sensitive 

ZnO materials.  

In our previous study, we proposed a counter-intuitive sensing mechanism that gas 

sensing property is highly dependent on the crystal defects in ZnO crystals. High 

sensitivity is preferred by a higher content of donor related defects and a lower 

content of acceptor related defects [15], because the donors would provide electrons 

for the adsorbed oxygen to produce the active ion-sorbed oxygen as shown in 

Equations (1) (3) and (4) (D is donor). On the other hand, acceptors would be 

recombined with electrons as shown in Equation (2) (A is acceptor), preventing 

adsorbed oxygen to form the active ion-sorbed oxygen. Therefore, more 

formaldehyde would be oxidized to arise higher response if there are more donors and 

less acceptors in ZnO crystals. And recently, there are more similar proofs regarding 

the role of crystal defects in gas sensing materials [17, 28]. 

D → D
+
 + e

-
         (1) 

A + e
-
 → A

-
          (2) 

O2 + 2 e
-
→ 2 Oad

-
         (3) 
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HCHO + 2 Oad
-
 → H2O + CO2 + 2 e

-
                    (4) 

To probe the crystal defects in doped ZnO material, PL spectra were recorded using 

325 nm Xe lamp excitation, with normalized spectra shown in Figure 8. ZnO has a 

bandgap of ~3.3 eV (375 nm), which takes a small part in the PL spectra in Figure 8. 

On the contrary, the luminescence emission from crystal defects (>390nm) dominates 

the entire spectra. Moreover, it is noted in Figure 8 that the relative intensity of the 

luminescence from crystal defects is higher for the transition metal doped ZnO 

material as compared with that of the pure ZnO. Therefore, more crystal defects 

would be expected for the doped ZnO material. We previously used Gaussian 

decomposition to quantitatively study the content of crystal defects in pure ZnO 

crystal [15, 16]. However, this method can not be used for doped ZnO material 

directly as more information are needed from solid state physics studies, such as: (1) 

how many kinds of luminescence are originated from the dopants and/or from crystal 

defects and (2) where are they located in the spectra.  

Considering the preparation methods, it is well known that precursors undergo a 

high speed evaporation and condensation process (in the order of sub second) in 

PECVD method, while precursors suffer a long duration (hours and even days) of 

high temperature and high pressure process in hydrothermal method. Consequently, 

precursors form high-quality crystals in hydrothermal process, while more defects 

would be formed in PECVD method due to the incomplete crystallization. Therefore, 

ZnO sensing material prepared by PECVD method shows a far higher sensing 

property than that prepared by precipitation and hydrothermal methods, which 
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demonstrates the potency of PECVD method in the gas sensing material preparation.  

 

4. Conclusions 

Transition metals including Mn, Ni, Cu, and Co doped ZnO nanorods are prepared by 

plasma enhanced chemical vapor deposition method (PECVD). The doped ZnO 

nanorods show the superior formaldehyde-sensing property, with a sensing maximum 

of ~25/ppm for 10 mol% CdO activated 1.0 mol% Mn doped ZnO nanorods in a few 

seconds response and recovery time. The sensitivity and response/recovery time are 

advantageous as compared with ZnO based sensing materials prepared by 

precipitation and hydrothermal methods, due to the abundant crystal defects in the fast 

crystallization process in PECVD. 
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Figure Captions 

 

Figure 1. (a)-(e) are SEM and TEM (inserts) images of Mn-doped ZnO nanorods at 

different Mn doping concentrations of: (a) 0.25 mol%, (b) 0.5 mol%, (c) 1.0 mol%, (d) 

2.0 mol% and (e) 4.0 mol%, and (f) is the axial growth rate of pure ZnO nanorod and 

Mn doped ZnO nanorods in (a)-(e).  

Figure 2. (a) XRD patterns and (b) magnified peaks at ~34.5
o
 of pure ZnO and 

Mn-doped ZnO nanorods (the peak are Voigt fitted with a correlation coefficient of 

R
2
>0.99).  

Figure 3. Raman spectra of  pure ZnO and 0.25 mol%, 0.5 mol%, 1.0 mol%, 2.0 

mol% and 4.0 mol% Mn-doped ZnO nanorods. 

Figure 4. Formaldehyde gas sensing property of Mn-doped ZnO nanorods: (a) 

Sensing property dependence on the Mn dopant concentrations, (b) response and 

recovery curves of 1.0 mol% Mn doped ZnO nanorod (0 ppm means RH 70%) and (c) 

linear relationship of response of 1.0 mol% Mn doped ZnO nanorod versus 

formaldehyde concentrations. 

Figure 5. Formaldehyde response comparison of 10 mol% CdO activated 1.0 mol% 

Mn doped ZnO nanorods (CdO-MZO) at 300 
o
C, and 10 mol% CdO activated 2.2 

mol% Sn-doped ZnO nanoparticles (CdO-SZO) at 200 
o
C (0 ppm means RH 70%). 

Figure 6. SEM images of (a) Ni-doped (b) Cu-doped and (c) Co-doped ZnO nanorods 

(doping concentrations of 0.5 mol%), and (d) is the corresponding XRD patterns of 

(a)-(c). 

Figure 7. Formaldehyde gas sensing properties of PECVD method prepared pure and 



Page 19 of 28

Acc
ep

te
d 

M
an

us
cr

ip
t

 19 

Cu, Co, Ni, Sn (0.5 mol%) doped ZnO nanorods. 

Figure 8. Normalized PL spectra of pure ZnO and Mn, Co, Cu, Ni, Sn (0.5 mol%) 

doped ZnO nanorods. 
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Table 1. Formaldehyde gas sensing property comparison of ZnO and doped ZnO by 

different methods 

 

Preparation method Material Sensitivity (response/ppm) Ref. 

PECVD ZnO Nanorods 

Mn-ZnO 

Sn-ZnO 

~0.6 

~2.9 

~2.9 

 [16] 

This study 

This study 

Precipitation 

 

 

ZnO nanoparticles 

Sn-ZnO 

Mn-ZnO 

~0.28 

~0.65 

~0.1 

 [15] 

 [10] 

 [19] 

Hydrothermal 

 

ZnO nanoparticles 

ZnO nanorods 

Sn-ZnO 

~0.2 

~0.1 

~0.65 

 [9,18] 

 [12, 26] 

 [18] 

 

 

Table1
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Figure1

http://ees.elsevier.com/snb/download.aspx?id=383416&guid=d9e428fd-d69a-4946-9b40-4dddef4086d9&scheme=1
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Figure2

http://ees.elsevier.com/snb/download.aspx?id=383407&guid=8f24d34d-450a-448b-8cc2-1ded018ba8b3&scheme=1
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Figure3

http://ees.elsevier.com/snb/download.aspx?id=383408&guid=8372f8fd-86bb-4bd6-8e33-c56c5ef6a020&scheme=1
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Figure4

http://ees.elsevier.com/snb/download.aspx?id=383409&guid=b77c4ad3-8503-4a41-9c26-a56c74a32803&scheme=1
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Figure5

http://ees.elsevier.com/snb/download.aspx?id=383410&guid=f16fffe3-ddbc-4d78-bf01-26de9fd7dc88&scheme=1
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Figure6

http://ees.elsevier.com/snb/download.aspx?id=383411&guid=36a33144-51bc-40db-b15f-a04afb251b6b&scheme=1
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Figure7

http://ees.elsevier.com/snb/download.aspx?id=383412&guid=6a60bae8-2363-4b35-8352-39b0cf8cba62&scheme=1
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Figure8

http://ees.elsevier.com/snb/download.aspx?id=383413&guid=e3a56128-f67e-4ac0-933d-843c0c74d206&scheme=1

