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Abstract: Ni>*-doped ZnO nanorods with different doping concentrations are prepared via the solvothermal
method. The doped ZnO nanorods are characterized by X-ray diffraction (XRD) and scanning electron microscopy
(SEM), respectively. The amount of Ni2™ ions that enter the lattice of ZnO increases with increasing the Ni2*/Zn2+
molar ratio when the molar ratio of Ni>*/Zn?% in the starting solution is lower than 3% and does not change ob-
viously if the mole ratio of Ni?*/Zn2" in the starting solution is in the range of 3—10 mol%. The effect of Ni*
doping on the gas-sensing properties is investigated. The results reveal that the amount of Ni>* has a great influence
on the response (R,/R,) and the gas-sensing selectivity. The sensor based on 1 mol % Ni?** doped ZnO nanorods
(120 °C, 10 h) exhibits a high response to acetic acid vapor, in particular, the responses to 0.001 ppm and 0.01 ppm
acetic acid vapor reach 1.6 and 2, respectively. The response time and the recovery time for 0.001 ppm acetic acid

are only 4 s and 27 s, respectively.
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1. Introduction

The gas sensing properties of one-dimensional nanoma-
terials have attracted extensive attention because they possess
large surface area, thermal and mechanical stability are com-
patible with other nanodevices!'~*l. Doping is a good method
to improve the physical properties of 1D nanomaterialsl®>~38].
The gas-sensitivity and selectivity of nanomaterials could also
be improved by using the doping method. Kumar ez al.%! pre-
pared Cu?>* doped SnO, nanowires through the thermal evap-
oration method and investigated the gas-sensing properties of a
sensor based on Cu?* doped SnO, nanowires, they found that
Cu?™ entered the SnO, nanowire lattice and increased the sen-
sitivity to H, S for the film-type sensors based on SnO, nano-
wires. Hwang et al.1'%] fabricated a CuO-functionalized SnO,
nanowire sensor, Cu?t did not enter the SnO, nanowire lat-
tice and CuO distributed on the SnO, nano-wire surface uni-
formly, they found that the CuO coating increased the gas re-
sponse to H, S and the cross gas responses to NO,, C,H5OH,
and C3Hg were negligible. Cao e al.l'!] prepared Nd-doped
ZnO nanorods by low-temperature solid-state reaction, the re-
sults demonstrated that the sensor based on 2 at% Nd-doped
ZnO nanorods presented much higher sensitivity, better se-
lectivity, and a shorter response-recovery time to ethanol va-
por than the pure ZnO nanorod sensor. Fan et al.['?] prepared
Sm,0O3-doped SnO, nanopowders with chemical deposition
and revealed that the addition of Sm,0O3 improves the CoH»
sensing properties of the SnO, gas sensor. Sun ez al.['3] demon-
strated that the addition of WO3 can enhance the sensitivity of
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macro-porous silicon (MPS) to NO, and the long-term stabil-
ity of a WO3/MPS gas sensor is better than that of an MPS gas
sensor

The main constituent of heroin is diacetylmorphine hy-
drochloride, diacetylmorphine hydrochloride will hydrolyze
and an acetic acid vapor will be given off when diacetylmor-
phine hydrochloride comes into contact with water vapor in air;
hence, heroin can be detected by means of detecting acetic acid
vapor['4l. Tt is reported that the detection limits of acetic acid
gas sensors are 2. 35 x 10™* g/ L (90 ppm)!'*! and 10 x 107°
(10 ppm)['3], There are imperative needs for acetic acid gas
sensors with a low detection limit because the concentration of
acetic acid given off by the heroin hydrolysis reaction is very
low.

In this paper, we prepared Ni>* doped ZnO nanorods
via the solvothermal method and investigated the effect of
the Ni%2* doping on the gas response and selectivity. It was
found that Ni?* doping increased the response and selectivity
to acetic acid vapor, especially, the 1 mol% Ni?* doped ZnO
nanorod sensor showed the best performance.

2. Experiment

The preparation method of 1D Ni?* doped ZnO nanorods
is similar to those reported in Refs. [5, 16]. A series of Ni?*
doped ZnO nanorod materials with different percentages of
nickel ion were prepared using the same procedures. In a typi-
cal synthesis, 0.0005 mol Zn(NO3),-6H,O and different molar
ratios of Ni(NO3),-6H,0 were added into 10 mL C,HsOH,
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and the solution was stirred for 30 min. 0.50 M NaOH ethanol
solution [the molar ratio of (nNi24+ + Mzn2+)/MNaon Was 1/2]
was dropped into the above solution slowly, the mixture was
then transferred into a teflon-lined autoclave (20 mL) and kept
at a certain temperature for different times in an oven. The
product was collected and washed with distilled water and
ethanol to remove by-products, and finally dried at 80 °C for
10 h. The phase composition of the samples was character-
ized using X-ray diffraction (XRD, D8 Advance, 40 kV and
40 mA). The morphology of the material particles was investi-
gated by scanning electron microscopy (SEM, X-650).

A paste was prepared from a mixture of ZnO with a PVA
(polyvinyl alcohol) solution, the paste was coated with a small
brush onto an Al O3 tube on which two gold leads had been in-
stalled at each end. The Al,O3 tube was about 8 mm in length,
2 mm in external diameter and 1.6 mm in internal diameter.
The Al,O5 tube was heated in air at 500 °C for 0.5 h to remove
PVA after it was dried at 80 °C. A heater of Ni-Cr wire was in-
serted into the Al, O3 tube to supply the operating temperature
that could be controlled in a range of 80-500 °C.

The electrical resistance of the sensor was measured in air
and in the mixture of detected gas and air. The relative humid-
ity in air was about 55%. The response is defined as the ratio
of the electrical resistance of the sensor in air (R,) to that in
the mixture of detected gas and air (R,) when the resistance
of the sensor reaches a stable value. The preparation method
for mixture of the detected gas and air was described in our
previous work!! 7], When measuring the electrical resistance of
a sensor in air, the sensor was placed in a closed glass bottle
filled with pure air and the surface temperature of the sensor
was adjusted to operating temperature by changing the voltage
and the current of the heater wire. The sensor was placed in the
air bottle for at least 5 min after the electrical resistance of the
sensor was stable, then the sensor was taken out from the air
bottle and placed in a closed bottle filled with the mixture of
detected gas and air. If the resistance of the sensor could not
recover from the previous exposure, we adjusted the operating
temperature to 350-400 °C and maintained the operating tem-
perature for about 10 min to let the detected gas desorb outside
the air bottle. The resistance change of the sensor was recorded
by a computer.

3. Results and discussion

The typical XRD patterns of the samples prepared under
100 °C for 10 h with various levels of nickel dopant are pre-
sented in Fig. 1. The main diffraction peaks in Fig. 1(a) can
be indexed to hexagonal wurtzite structure ZnO (JCPDS card
n0.36-1451), there is no peak of impurities in all the samples.
It should be noted that NiO or Ni(OH), are not observed in all
of the samples even though the molar ratio of Ni?* to Zn?™ in
the starting solution reaches 10%. ZnO is the unique phase in
the all samples, which reveals that Ni>* ions enter the lattice of
ZnO and occupy the sites of Zn?*. But the crystalline sizes de-
crease slightly when the concentration of Ni?>* increases [see
the peaks (100) and (101) in Fig. 1(a)]. As shown in Fig. 1(b),
the positions of (002) peaks of pure ZnO, 1 mol% Ni?* doped
ZnO and 3 mol% Ni?* doped ZnO are 34.50°, 34.54° and
34.58°, respectively. The position shift of the peak (002) is very
small. The shift of the (002) peak to a higher angle is caused
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Fig. 1. (a) The typical XRD patterns of samples prepared under
100 °C, 10 h with various levels of nickel dopant. (b) The (002) peak
positions of all samples in enlarged XRD patterns.

by the difference between Ni2* radius (0.69 A) and Zn2* ra-
dius (0.74 A), the results are similar to those reported by Zhang
et al15). The positions of the (002) peaks of 5 mol% Ni>*+
doped ZnO, 7 mol% Ni?* doped ZnO and 10 mol% Ni?™
doped ZnO are close to that of 3 mol% Ni?* doped ZnO, indi-
cating that excessive Ni*>* ions do not enter the lattice of ZnO.
Our preparation method is similar to that reported by Igbal et
al.18] the molar ratio of Ni2t to Zn2t was 6/100 in their start-
ing material, they found that only 3 mol% Ni?* entered the
lattice, indicating that not all Ni>* ions in the starting solu-
tion entered the ZnO lattice. Wu ez al.1'8] prepared Ni2+ doped
ZnO rod arrays from aqueous solution, and the amount of Ni2+
incorporated into the ZnO matrix was much less than the ac-
tual amount of Ni2* provided in the precursor during synthesis,
NiO peaks could not be found in the XRD patterns even when
the molar ratio of Ni?>* to Zn?* in the starting material reached
0.4, they attributed this phenomenon to the formation of a mass
of fine NiO clusters in the reactive solution, which were dis-
carded in the purification steps. We think that a small amount
of NiO probably exist in our samples and could not induce de-
tectable peaks in XRD patterns because the NiO phase cannot
be detected by XRD if the NiO/ZnO weight ratio is lower than
about 2%.

Figure 2 shows the SEM images of the Ni>* doped ZnO
samples prepared under different conditions. The morphol-
ogy of the Ni?* doped ZnO samples prepared under differ-
ent conditions is that of nanorods, the sizes of the nanorods
are slightly affected by the solvothermal conditions. As shown
in Figs. 2(a), 2(c), and 2(e), the sizes of 3 mol% Ni?* doped
ZnO nanorods in the samples prepared under different temper-
atures increase with the solvothermal temperature increasing.
It can be seen from Figs. 2(b), 2(c), and 2(d) that the sizes of
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Fig. 2. SEM images of the Ni2t doped ZnO samples prepared under different conditions.

3 mol% Ni2* doped ZnO nanorods in the samples also increase
with the hydrothermal duration increasing. The diameters and
the lengths of the rods in the sample prepared under 120 °C,
10 h are 20—60 nm and 100-800 nm, respectively. The sizes
of 1 mol% Ni?* doped ZnO nanorods in the sample prepared
at 120 °C for 10 h shown in Fig. 2(f) are almost same as those
3 mol% Ni2* doped ZnO nanorods in the sample prepared un-
der the same conditions, indicating that doping concentration
exerts less influence on the sizes of the nanorods.

Figure 3 shows the electrical resistances of a pure ZnO sen-
sor and Ni?™ doped sensors in air at different operating tem-
peratures (preparation conditions of pure ZnO and Ni?* doped
Zn0: 120 °C, 10 h). The resistances of all sensors decrease with

the operating temperature increasing because the resistance of
the semiconductor material decreases with increasing the tem-
perature. It is observed that the resistances of all Ni?* doped
ZnO sensors are higher than ZnO sensor and the resistances
of doped ZnO sensors increase with increasing the Ni?™ dop-
ing concentration, indicating that all Ni>* ions do not enter the
lattice of ZnO and some Ni2* ions exist in the form of NiO
nanoparticles that distribute on the surface of the Ni>* doped
ZnO nanorods. If there is no NiO in the samples besides Ni>*
at Zn?7 sites in the ZnO lattice, the resistances of the Ni>*
doped ZnO sensors will not increase with increasing the Ni?*
doping concentration because the valances of Ni2™ and Zn?™
are the same. The preparation method in our experiments is
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Fig. 3. The electrical resistances of the pure ZnO sensor and Ni2+
doped ZnO sensors in air at different operating temperatures (prepa-
ration conditions of pure ZnO and Ni?>* doped ZnO: 120 °C, 10 h).

similar to that used in Ref. [18], they also found that only a
few Ni?* were doped into the ZnO lattice, this phenomenon
was consistent with the conclusion from UV-visible absorp-
tion spectra. It is believed that some heterogeneous inter-grain
boundaries of NiO (p-type)-ZnO (n-type) can form in the Ni2*
doped ZnO nanorod materials. This results in the formation
of barrier height among the grains and hence increases the
resistances of the Ni?T doped ZnO nanorod sensors. Wang
et al. " prepared Cr,03-sensitized ZnO nanofibers and inves-
tigated their ethanol-sensing properties, they also found these
phenomena: firstly, there is no Cr, O3 phase in ZnO nanofiber
samples even when the Cr,O3/ZnO weight ratio was 8.5%;
secondly, the resistances of Cr,O3 doped ZnO nanofiber sen-
sors increased with Cr, O3 content increasing in the starting so-
lution; thirdly, the sensitivity to ethanol of Cr,O3; doped ZnO
nanofiber sensors increased with Cr,O3 content increasing
when the Cr,O3/Zn0O weight ratio is lower than 4.5% and de-
creased when the Cr, O3/ZnO weight ratio is higher than 4.5%.
They ascribed these phenomena to the existence of Cr,O3 in
the materials and the heterogeneous inter-grain boundaries of
ZnO-Cr, 03 (p—n junction).

Figure 4 depicts the response values of the sensors based
on pure ZnO and Ni?* doped ZnO (120 °C, 10 h) to 1000 ppm
acetic acid gas at different operating temperatures. It is found
that the responses of the sensors vary with the change of the
amount of Ni2* dopant as well as the operating temperature
variation. The responses of the sensor based on pure ZnO at dif-
ferent operating temperatures are very low and the maximum
response is only 2.6. The sensors based on Ni?>* doped ZnO
with different amounts of dopant exhibit higher responses than
the sensor based on pure ZnO, but it is difficult to obtain the
relationship between the response and the amount of dopant.
In order to examine the reproducibility, the maximum re-
sponses of the sensors fabricated with two batch of Ni?* doped
ZnO (same Ni?T content in the starting materials) show same
change tendency and the response deviation of two sensors
fabricated with two batches of materials prepared under same
conditions do not exceed 15%. The maximum response of the
sensor based on 1 mol% Ni?* doped ZnO nanorods is higher
than those of the sensors based on 3—10 mol% Ni?* doped
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Fig. 4. The effect of the Ni2t doping on the responses to 1000 ppm
acetic acid gas of sensors based on doped ZnO nanorods (120 °C,
10 h).

ZnO nanorods. The maximum response of the sensor based on
1 mol% Ni?™ doped ZnO nanorods reaches 1219 when oper-
ating at 310 °C. The gas sensing mechanisms of the pure ZnO
sensors and doped ZnO sensors have been explained by au-
thors'~211, The surface of the ZnO nanorods adsorbs oxy-
gen molecules, and then the adsorbed oxygen molecules cap-
ture electrons from the conduction band of the ZnO nanorods
and exist in the form of 05, O3~ and O*~ at different oper-
ating temperatures. When the ZnO nanorods are exposed to
reducing gas, the reducing gas will adsorb on the surface of
the sensing material and react with the adsorbed oxygen, re-
leasing the trapped electrons back to the conduction band, and
then the resistance of the sensor based on ZnO nanorods de-
creases. The response improvement was attributed to the pres-
ence of p—n heterogeneous inter-grain boundaries in the Cr3+
doped ZnO nano-fiber sensor'®), the Ni2* doped ZnO tetra-
pod sensort??], and the Ni2* doped SnO, sensor?3). Accord-
ing to the above literatures!!®>22] the response improvement
of Ni2T doped nanorod sensors may be explained as follows.
The total amount of p—n heterojunction and ZnO barriers is cer-
tain in the Ni2* doped ZnO nanorod film and the change of
p—n heterojunction barrier resulted from the action of chemical
oxygen absorption is much less than that of the ZnO barrier.
If the quantity of p—n heterojunctions is too large, the quantity
of ZnO barriers is small; the change of the sensor resistance
resulting from the reaction between the detected gas and ab-
sorption oxygen on ZnO surface is small, which leads to a low
response. The response cannot be improved adequately if the
concentration of p—n heterojunctions is too low. When the ratio
of the p—n junctions to the Schottky barriers on thick film sur-
face is optimized, the maximum response can be obtained. The
ratio of the p—n junctions to the Schottky barriers is relative to
NiO concentration and NiO distribution in Ni?* doped ZnO
nanorod materials. The ratio of the p—n junctions to the Schot-
tky barriers on a thick film surface attains an optimum value in
1 mol% Ni?* doped ZnO nanorod material and the sensor ex-
hibits the highest response. A similar phenomenon was also
reported by Liu et al.l**! for La;_,Mg,FeO3 materials, the
optimal response of the La;_,Mg,FeO3 sensor to 1000 ppm
methane increases up to a maximum value of 8.48 at x = 0.1
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Fig. 5. The responses of the sensors based on pure ZnO nanorods
(120 °C, 10 h) to 5 kinds of gases.
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Fig. 6. The responses of the sensors based on 1 mol% Ni2T doped
ZnO nanorods (120 °C, 10 h) to 5 kinds of gases.

and falls off dramatically; the optimal response increases again
at x = 0.5 and decreases at x = 0.7. They also attributed this
phenomenon to the proper proportion of p—n hetero-junctions
in the materials.

The responses of the sensors based on pure ZnO and
1 mol% Ni?* doped ZnO nanorods (120 °C, 10 h) to 5 kinds of
gases are shown in Figs. 5 and 6. The responses to 5 kinds of
gases are all enhanced to some extent by doping 1 mol% Ni% ™,
but the responses to 1000 ppm acetic acid gas are improved
obviously comparing with the responses to other 4 kinds of
gases; the maximum response to 1000 ppm acetic acid gas of
the pure ZnO sensor is only 2.3, while the maximum response
to 1000 ppm acetic acid gas of the 1 mol% Ni?* doped ZnO
sensor reaches 1219. It is easy to understand the low responses
to benzene and toluene of the sensors based on pure ZnO and
1 mol% Ni?* doped ZnO nanorods because the benzene ring
is stable and cannot be oxidized easily. At present, the reason
why doping can change the responses of the materials to dif-
ferent gases in different manners is very complicated and is
not explained clearly in many literatures. Zheng et al.?%] at-
tributed the good selectivity to HCHO gas of the NiO-doped
SnO, sensor to the enhanced reaction between HCHO and ad-
sorbed oxygen at an optimum operating temperature. As far as
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Fig. 7. The relationship between the responses of the sensor based on
1 mol% Ni2* doped ZnO nanorods (120 °C, 10 h) and the acetic acid
gas concentration when operating at 310 °C.

NiO-doped ZnO nanorod materials are concerned, the selec-
tivity change maybe result from the variation of the adsorption
ability of different gases. The sensor based on 1 mol% Ni?™
doped ZnO nanorods also exhibits high responses to ethanol
and acetone. Hence, the sensor can only be applied in the at-
mosphere in which there is no ethanol and acetone.

Figure 7 depicts the relationship between the responses
of the sensor based on 1 mol% Ni?>* doped ZnO nanorods
(120 °C, 10 h) and the acetic acid gas concentration when op-
erating at 310 °C. The responses increase with increasing the
acetic acid gas concentration slowly when the concentration is
lower than 10 ppm, and increase quickly if the concentration
exceeds 10 ppm. The curve of response versus gas concentra-
tion (R—c) can be divided into two linear sections in the con-
centration ranges of 0.001-10 ppm and 10-1000 ppm, respec-
tively. The response to 0.001 ppm acetic acid gas concentration
reaches 1.6. The detection limit is higher than those reported by
previous literatures!'4 151, In general, the shape of the curve
of R—c is S-shaped in a large range of gas concentration. the
response reaches saturation when the gas concentration is too
high['%]; the relation between the response and gas concentra-
tion follows the formula R = AcP in a concentration range
depended by sensing material, where ¢ is gas concentration, A
and B are constants for certain materials(>%-27); the response
does not increase or increases very slowly with the gas con-
centration increasing when the gas concentration is low[?7], the
reason is probably that there are two different adsorption mech-
anisms for the detected gas.

Response-recovery characteristics are very important
parameters of the gas sensor. In general, the response time and
recovery time are defined as the times for a sensor to reach 90%
of the final signal. The response transients of the sensor based
on 1 mol% Ni?* doped ZnO nanorods (120 °C, 10 h) to 0.001,
0.01 and 100 ppm acetic acid gas at 310 °C are shown in Fig.
8. The response time and recovery time for 0.001 ppm acetic
acid gas are 4 s and 27 s; the response time and recovery time
for 100 ppm acetic acid gas are 14 s and 23 s. The response
of the sensor based on pure ZnO nanorods to 100 ppm acetic
acid is only 1.2 at 310 °C; the response time and recovery time
for 100 ppm acetic acid gas are 16 s and 26 s. Comparing the
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Fig. 8. The response transients of the sensor based on 1 mol% Ni2*
doped ZnO nanorods (120 °C, 10 h) to 0.001, 0.01 and 100 ppm acetic
acid gas at 310 °C.

response time and the recovery time of the Ni?>* doped ZnO
sensor for 100 ppm with those of the pure ZnO nanorod sen-
sor, Ni?* doping has less influence over the response time and
the recovery time. In order to examine the reproducibility, three
sensors is fabricated using 1 mol% Ni?* doped ZnO nanorod
material (120 °C, 10 h) at a time, although the maximum resis-
tance error of the three sensors at the same operating temper-
ature reaches 18% because the thickness of the films of three
sensors is not the same, the response deviations of the three
sensors at the same operating temperature do not exceed 6%.

4. Conclusion

In summary, the responses of sensors based on ZnO
nanorods are enhanced by doping Ni>™. The sensor based on
1 mol% Ni%* doped ZnO nanorods exhibits a high response to
acetic acid vapor. The responses to 0.001 ppm and 0.01 ppm
acetic acid vapor reached 1.6 and 2, respectively. The response
time and the recovery time for 0.001 ppm acetic acid are 4 s
and 27 s, respectively. The sensor is a potential candidate for
detecting heroin via measuring the acetic acid vapor.
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