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Room-temperature self-powered ethanol sensing of 

Pd/ZnO nanoarray nanogenerator driven by human 

finger movement 

Yujie Lina, Ping Denga, Yuxin Niea, Yuefeng Hua, Lili Xinga, Yan Zhang*b,c and 
Xinyu Xue*a,b 

Flexible room-temperature self-powered active ethanol sensor has been realized from Pd/ZnO 

nanoarray nanogenerator. Pd nanoparticles are uniformly loaded on the whole surface of ZnO 

nanowire arrays by a simple hydrothermal method. The piezoelectric output of Pd/ZnO 
nanowire arrays can act as both the power source of the device and the room -temperature 

ethanol sensing signal. Upon exposure to 800 ppm ethanol gas at room temperature, the 

piezoelectric output voltage decreased from 5.2 V (in air) to 2.5 V. Such a room-temperature 

self-powered ethanol sensing behavior can be attributed to the catalytic effect of Pd, the 
Schottky barrier at Pd/ZnO interface, and the piezotronics effect of ZnO nanowires. Moreover,  

this flexible device can be driven by tiny mechanic energy in our environment , such as human 

finger movement. The present results can stimulate a research trend on designing new material 

system and device structure in self-powered ethanol sensing at room temperature.  

Introduction  

  With the rapid development of functional nanodevices, such 

as gas sensors, biosensors and UV detector, seeking of portable, 
small-size and sustainable power sources for driving these 

nanodevices is becoming increasingly important. In the past 

several years, self-powered system that integrates energy 

generators and functional devices has been proposed,1,2 aiming 
at harvesting energy from the environment to power the 

functional micro/nano-systems, such as pH sensors, UV 

detectors, liquid crystal displays, etc.3 Most recently, a new 

type of self-powered nanosystem, named as an active sensor 
has been demonstrated by treating the output piezoelectric 

signal from nanogenerators as either a power source or sensing 

signal in response to the change in environment, such as 

ambient wind velocity detectors, automobile speedometers, gas 
sensors and magnetic sensors.4,5  Gas sensors have attracted 

world-wide attention due to their significant applications in 

industrial production, public transportation and people’s daily  

life.6-9 In the past several decades, one-dimensional (1D) metal 
oxide nanostructures, such as ZnO, SnO2 and In2O3 

nanowires/rods,10-13 have greatly enhanced the sensitivity of gas 

sensors resulting from their high surface-to-volume ratio. 

Among them, ZnO 1D nanostructures have been extensively 
investigated due to their high conductivity, good stability and 

biological friendliness.14-16 Upon exposure to reducing gas, such 

as ethanol, the reaction between ethanol molecules and oxygen 

ions on the surface of ZnO nanostructures releases free 
electrons flowing back to the conduction band and decreasing 

the depletion width, leading to a great increase of conductivity 

of ZnO nanostructures (N-type semiconductor).17 On the other 

hand, the high work temperature (200-300 ºC) required for the 

chemical reaction between ethanol and oxygen ion restrains the 

practical applications of the ZnO-based gas sensor, such as 
explosive and flammable environment. In our previous work, 

by coupling the piezoelectric and gas sensing characteristics of 

ZnO nanowire (NW) arrays, an unpackaged ZnO NW piezo -

nanogenerator (NG) as a self-powered active gas sensor that 
can detect H2S (with strong reducibility) at room temperature 

has been firstly demonstrated.4 However, self-powered 

detecting low reducing gas, such as ethanol vapor, remains a 

challenge. Noble metal decoration on 1D metal oxide 
nanostructures, such as Pd, Au and Pt,18-20 has been confirmed 

to have potentials on lowering down the work temperature of 

traditional ethanol sensors. Thus, if the noble metal decoration 

can be introduced into self-powered active gas sensing, then 
room-temperature ethanol sensing can probably be realized. 

  In this paper, ZnO NW arrays are uniformly loaded with Pd 

nanoparticles, and room-temperature ethanol sensing has been 

realized from Pd/ZnO self-powered active gas sensor. The 
piezoelectric output of Pd/ZnO nanoarray NG can act not only 

as a power source, but also as a response signal  to ethanol at 

room temperature. Upon exposure to 800 ppm ethanol gas, the 

piezoelectric output of the device decreases from 0.52 V (in air) 
to 0.25 V. Such a room-temperature ethanol sensing can be 

attributed to the catalytic properties of Pd nanoparticles, the 

Schottky barriers at Pd/ZnO interfaces, and the coupling of 

piezoelectric and semiconducting properties of ZnO 
(piezotronics effect). Our study can stimulate a research trend 

on designing new material system and device structures for 

room-temperature self-powered active gas sensors. 

 

Experimental 
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Figure 1. Fabrication process of the self-powered active gas sensor 
based on Pd/ZnO nanoarrays. (a) A pre-cleaned Ti foil is used as the 
substrate. (b) Vertically-aligned ZnO NW arrays are grown on Ti foil. (c) 
Free hydroxyl groups (provided by NaOH) are attached to the surface 
of ZnO NWs. (d) The attached hydroxyl groups are protonated and 
conjugate with PdCl4

2-
 ions via electrostatic attraction. (e) PdCl4

2-
 ions 

are reduced, and Pd is nucleated and located on the surface of ZnO 
NWs. (f) Schematic diagram showing the assembling of self-powered 
active ethanol sensor. (g) Schematic diagram showing the  final device 
structures. The piezoelectric output voltage under constant 
compressive strain is dependent on the concentration of ethanol  
atmosphere. (h) The optical image of the device, showing that it can 
be easily bended by human fingers. 

  Figure 1 shows a brief fabrication process and the structure of 

the self-powered active gas sensor based on Pd/ZnO NW arrays. 
Prior to the growth of ZnO NW arrays, a piece of Ti foil as the 

substrate is cleaned with water/alcohol and dried at 60 ºC, as 

shown in Figure 1a. ZnO NW arrays are then vertically grown 

on the Ti foil by a simple hydrothermal method (Figure 1b). 
0.52g of Zn(NO3)2·6H2O were dissolved in 50 ml of distilled 

water. After magnetically stirring for 10 min, 2 ml of NH3·H2O 

was added into the solution drop by drop. The Ti substrate was 

immersed into the solution. It was then sealed and maintained 
at 70 °C for 24 h. After cooling down to room temperature, the 

Ti substrate coated with ZnO NW arrays was  removed from 

the solution, washed with deionized water, and dried at 60 ºC. 

Then Pd nanoparticles were uniformly loaded on the surface of 
ZnO NW arrays by a hydrothermal method (Figure 1c, d and e). 

70 μl of PdCl2 aqueous solution (0.057 M, and containing small 

amount of HCl) was added into 40 ml NaOH aqueous solution 

(pH value=9) drop by drop. The mixed solution was transferred 
into a 50 ml Teflon-lined stainless steel autoclave, and the Ti 

substrate coated with ZnO NW arrays was immersed into the 

solution. It was then sealed and maintained at 180 °C for 0.5h. 

At this stage, free hydroxyl groups  (provided by NaOH) are 
attached to the surface of ZnO nanowire, as shown in Figure 1c. 

The attached hydroxyl groups are protonated and conjugate 

with PdCl4
2- ions via electrostatic attraction,18 as shown in 

Figure 1d. PdCl4
2- ions are then reduced, and Pd is nucleated 

and located on the surface of ZnO nanowires,18 as shown in  

 
Figure 2. (a) SEM image of Pd/ZnO NW arrays in a top view. The inset 
is an enlarged view of the tip of Pd/ZnO NW. (b) SEM image of Pd/ZnO 
NW arrays in a side view. The inset is an enlarged view of one single 
Pd/ZnO NW, showing that Pd nanoparticles are uniformly loaded on 
the whole surface of ZnO NW. (c) TEM image of one single Pd/ZnO NW. 
ZnO NW is uniformly covered with Pd nanoparticles. (d) HRTEM image 
of Pd/ZnO interface. (e) EDS spectrum of Pd/ZnO NW arrays. (f) XRD 
pattern of Pd/ZnO NW arrays on Ti substrate.  

Figure 1e. After cooling down to room temperature, the 

substrate was removed from the solution, washed with 

water/alcohol and dried at 60 ºC.  
  Figure 1f shows the assembling of the self-powered active gas 

sensor. The Ti foil acts as both the substrate for Pd/ZnO NW 

arrays and a conductive electrode. A piece of Al foil 

(thickness=0.05 mm) positioned on the top of Pd/ZnO NW 
arrays acts as the counter electrode. Two cooper conducting 

leads were glued on the two electrodes with silver paste, 

respectively. The device was finally sealed in two pieces of 

Kapton board as the frame. As shown in Figure 1g, the final 
device was connected to an outside circuit (low-noise 

preamplifier; Model SR560, Stanford Research Systems), 

which independently monitors the change of piezoelectric 
output voltage upon exposure to ethanol gas. An optical image 

of the device is shown in figure 1h, indicating that the device is  

very flexible and can be easily bended by human finger. 

Results and discussion 

  Figure 2a is a typical scanning electron microscopy (SEM) 

image of Pd/ZnO nanoarrays on the top-view, revealing a 

consistent growth direction. The inset of Figure 2a is an 

enlarged view of the tip of Pd/ZnO NW, indicating the typical 

hexagonal cross-sectional shape of Pd/ZnO NW.21,22 The 

average diameter of Pd/ZnO nanowires is about 200 nm. The 

side view of Pd/ZnO NW arrays in Figure 2b reveals that the 

NWs are vertically aligned on the substrate, and the average 

length of the nanoarrays is about 2.5 μm. The fracture of the 
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Figure 3. (a) The piezoelectric output voltage of the device at room temperature upon exposure to dry air, ethanol gas and pure oxygen under  
the same applied strain (0.012%). (b), (c), (d), (e), (f), (g) and (h) are enlarged views of the piezoelectric output in dry air, 200, 300, 400, 600, 800 
ppm ethanol gas and pure oxygen, respectively. (i) The dependence of the response and piezo-voltage on the concentration of ethanol gas.  

NWs arises from the break-in operation on the sample for SEM 

observation. The inset of Figure 2b is an enlarged view of one 

single Pd/ZnO NW, confirming that ZnO NW is uniformly 
coated with Pd nanoparticles. Transmission electron 

microscopy (TEM) image of Pd/ZnO NW (Figure 2c) further 

confirms that ZnO NW is uniformly loaded with Pd 

nanoparticles. It can also be seen that the average diameter of 
Pd nanoparticles is about 5 nm. Figure 2d is a high-resolution 

transmission electron microscopy (HRTEM) image of Pd/ZnO 

interface. Both ZnO and Pd are of single-crystal structures. The 

interplanar distance of 0.225 nm corresponds to (111) plane of 
Pd. The interplaner distance of 0.52 nm corresponds to the (001) 

plane of ZnO. Figure 2e is energy dispersive spectroscopy 

(EDS) spectrum of Pd/ZnO nanoarrays, showing the existence 

of three elements (O, Zn and Pd) in this selected region. Similar 
EDS results have been obtained at 10 other different areas, 

which further confirm that Pd nanoparticles are uniformly 

distributed in the whole system. Figure 2f is an X-ray 

diffraction (XRD) pattern of Pd/ZnO nanoarrays. The peaks 
marked with diamond can be indexed to ZnO (JCPDS file no. 

36-1451); the peak marked with asterisk can be indexed to Pd 

crystal (JCPDS file no. 65-6174); and the peak marked with 

trigon can be indexed to Ti foil substrate (JCPDS file no. 44-
1294). No sharp peaks can be indexed to other impurities, 

indicating a high crystal quality of Pd/ZnO. Figure 3a shows 

the piezoelectric output voltage of the Pd/ZnO nanoarray NG at 

room temperature upon exposure to dry air, ethanol gas and 

pure oxygen under the same applied strain (34N, 0.012%, 0.45 

Hz). The measurement is not continuous, in which the exposure 

time is long enough for ethanol adsorption. All the 

measurements are conducted under the pressure of 1.01×105 

Pa. Figure 3b-h are enlarged views of the piezoelectric output 

in dry air, 200, 300, 400, 600, 800 ppm ethanol gas and pure 
oxygen. The piezoelectric voltage in dry air is about 0.52 V. 

Upon exposure to 200, 300, 400, 600 and 800 ppm ethanol gas, 

the piezoelectric output voltage of the device is about 0.45, 0.35, 

0.31, 0.27 and 0.25 V, respectively. When the device is exposed 
to pure oxygen, the piezoelectric output is about 0.60 V. The 

piezoelectric output of the device is dependent on the outside 

atmosphere, and the piezoelectric output decreases with 

increasing concentration of ethanol gas.  
Similar to the traditional definition of sensitivity of gas sensors 

(    
       

  
     ,23 where Ra and Rg represent the 

resistance of the sensor in dry air and in the test gas, 

respectively), the response of the self-powered active ethanol 
sensor can be simply defined as follows:  

         
       

  
               

, where Va represents the piezoelectric output voltage of the 

device in dry and Vg represents the piezoelectric output voltage 

of the device in test gas. As shown in figure 3i, the response of 

the device against 200, 300, 400, 600 and 800 ppm ethanol gas 
is 15.6%, 48.6%, 67.7%, 92.6% and 108.0%. Highly-sensitive
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Figure 4. The I-V curves of one device in dry air, pure oxygen, 800 ppm 
and 1600 ppm ethanol gas without deformation at room temperature.  

room-temperature ethanol sensing has been obtained from 

Pd/ZnO nanoarray self-powered active gas sensor. These 

experimental results suggest that the room-temperature self-

powered ethanol sensing of Pd/ZnO nanoarray NG has potential 

applications at the industrial level.  

  Such a piezo-gas sensing behavior can be attributed the 

coupling of the piezotronics effect of ZnO and the gas sensing 

properties of Pd/ZnO. Firstly, it has been confirmed that the 

piezoelectric effect of ZnO nanowires can be influenced  by the 

free-carriers within them, and this phenomenon has been named 

as “piezotronics effect.2,5,24-30 As the c-axis of ZnO NW (n-type 

semiconductor arising from the point defects within it) is under 

externally applied deformation31, a piezoelectric field can be 

created on the surface that can not only drive the electrons in 

the external circuit flowing forward and back (the output of 

NG), but also make the free electrons on the surface of ZnO 

NWs migrate and partially screen this piezoelectric field  

(piezotronics effect).32,33 Previous theoretical and experimental 

works also confirm that the change in free-carrier density can 

affect the piezoelectric output of ZnO NW NG.4,34,35 Secondly, 

it is well known that the free-carrier density of ZnO NWs can 

be affected by oxidizing or reducing gas adsorbed on the 

surface, which is the traditional gas sensing mechanism of ZnO 

NWs.18,19 Such a change of free-carrier density of the Pd/ZnO 

NWs can be directly demonstrated by the measurement of 

conductance. Figure 4 shows the I–V curves of one device in  

different concentration of ethanol without deformation at room 

temperature. There is a typical metal–semiconductor–metal 

(M–S–M) structure in our device. The nonlinear I–V 

characteristic is caused by the asymmetric barrier heights 

formed between Pd/ZnO NWs and two metal electrodes. With 

the increasing ethanol concentration, the conductance of 

Pd/ZnO NWs increases, which strongly and directly confirm 

the increase of carrier density in ZnO NWs. Here, the 

decoration of Pd nanoparticles improves the gas sensing 

performance due to the catalysis effect of Pd  and the Schottky 

barrier between Pd and ZnO. For using as a typical ethanol 

sensor with normal work mode, the resistance of the sensor 

changes at different concentrations of the test gas. The ethanol 

will affect the surface carrier density (surface depletion layer) 

of NWs by the catalytic reaction. However, the response is low 

without coupling piezotronics effect at room temperature. 

Comparing the new work mode (piezo-gas sensing), the 

response is significantly enhanced under the new coupling work 

mechanism. For the traditional gas sensing, the change of 

surface depletion contributes a small portion of total resistance 

change (the internal resistance does not change), especially at 

room temperature. For the piezo-gas sensing, the piezoelectric 

effect is entirely influenced by the surface charge screening, 

thus it is very sensitive to the surface charge change induced by 

test gas adsorption. Thirdly, it can be scientifically deduced that 

the piezoelectric output of Pd/ZnO NWs can be influenced by 

the ethanol adsorption on the surface. The detailed working 

mechanism is discussed below. 

  Figure 5 shows the work mechanism of Pd/ZnO nanoarray 

self-powered active ethanol sensor. When the device is in dry 

air without any applied deformation (Figure 5a), the device is in  

natural state without any piezoelectric output. Since work 

function of ZnO (~4.5 eV) is smaller than that of Pd (5.12 

eV),36-38 the electrons flow from ZnO to Pd, establishing 

Schottky barrier at Pd/ZnO interface. The Schottky barrier 

leads to the depletion of electrons on ZnO NW surface. At the 

same time, Pd can also provide a chemical mechanism for the 

depletion of electrons on ZnO NW surface,39 as shown in the 

inset of Figure 5a. Pd nanoparticles catalytically activate the 

adsorption and dissociation of molecular oxygen on the surface 

of ZnO NWs, in which oxygen molecules capture free electrons 

from ZnO NWs and form oxygen ions (O2
-). During this 

process, both the quantity of oxygen that can repopulate surface 

vacancies and the rate at which this repopulation occurs are 

greatly increased by Pd catalysis (Pd is a far better oxygen 

dissociation catalyst than ZnO), which result in a greater/faster 

withdrawal of electrons from ZnO NWs even at room 

temperature (spillover effect, process [1] in Figure 5a).39 

According to the previous research, the size of spillover zone 

(Rsz) for oxygen is several tenths of nanometers.39 In our case, 

the spillover zones can overlap the entire surface of ZnO NWs 

because Pd nanoparticles are uniformly coated on the whole 

surface of ZnO NWs and the distribution density is high enough 

(as shown in Figure 2c). And oxygen molecules can reside 

briefly on ZnO NW and diffuse to catalytic Pd nanoparticle 

before it has an opportunity to desorb, and the capture radius is 

RCR (back-spillover effect, process [2] in Figure 5a).39 Thus due 

to the physical/catalytic properties of Pd nanoparticles, the 

electron depletion on ZnO NW surface is very strong in air. 

When the device in air is under a compressive strain (Figure 

5b), a piezoelectric field is created along Pd/ZnO NW arrays.40 

As the surface electron density in ZnO NW is very low in air, 

the screen effect on the piezoelectric output is greatly decreased, 

which enhance the piezoelectric output. In pure oxygen, the 

amount of oxygen molecules is larger than that in air, and the 

piezoelectric output is higher.  

  When the device is exposed to ethanol gas (Figure 5c), the 
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Figure 5. The working mechanism of Pd/ZnO self-powered active ethanol sensor driven by compressive strain. (a) Schematic illustration of the charge -carrier density 

and depletion layer in Pd/ZnO NW arrays without compression in dry air. The inset is schematic illustration of two major chemisorption processes of oxygen ions near 

Pd/ZnO interface. (b) Schematic illustration of the piezoelectric output of Pd /ZnO NW arrays in air under mechanical deformation. (c) Schematic illustration of the 

charge-carrier density and depletion layer in Pd/ZnO NW arrays without compression in ethanol gas. The inset show s the chemical reaction between ethanol and 

oxygen ions with the assistance of Pd catalysis. (d) Schematic illustration of the piezoelectric output of Pd /ZnO NW arrays in ethanol gas under mechanical 

deformation. 

ethanol gas can undergo a reversible dissociation with the 

assistance of Pd catalysis as follows:41,42 

                
   
↔                                             

                
  
↔                                  

At room temperature, catalytic activity of Pd nanoparticles can 

greatly accelerate the reactions. Further Pd-assistant reaction 

between absorbed hydrogen and oxygen ions on the surface of 

 
Figure 6. (a) Schematic diagram showing that the flexible self-powered 
active ethanol sensor can be driven by human finger movement. (b) 
Schematic illustration of the piezoelectric output of the flexible device 
in ethanol gas. Figure (c), (d) and (e) are experimental  piezoelectric 
output driven by human finger movement in air, 400 and 800 ppm 
ethanol gas, respectively. 

Pd/ZnO nanoarrays can release electrons flowing back to ZnO 

NWs as follows:41,42 

                   
         

   
↔                            

The surface electron density in ZnO NWs is greatly 

increased.41,42 When the device in ethanol is under a 

compressive strain (Figure 5d), the higher surface electron 

density in ZnO NWs results in a stronger screening effect on 

the piezoelectric output, and the piezoelectric output in ethanol 

gas is much lower than that in air.  

  Flexible device structure of Pd/ZnO nanoarray NG as self-

powered active ethanol sensor can effectively convert tiny 

mechanical energy into electricity signal, such as human finger 

movement, as shown in Figure 6a. Human finger pushing can 

provide compressive force on the device, and generate 

piezoelectric output, as schematically shown in Figure 6b. 

Figure 6c, d and e show the piezoelectric output of the device 

with human finger pushing in dry air, 400 and 800 ppm ethanol 

gas, respectively. The piezoelectric output voltage is about 

0.43V, 0.35V and 0.25V, respectively. This result demonstrates 

the feasible applications of Pd/ZnO nanoarray self-powered 

active ethanol sensor in our living environment. 

Conclusions 

  In summary, room-temperature ethanol sensing was obtained 

from Pd/ZnO nanoarray NG as self-powered active gas sensor. 
The piezoelectric output generated by Pd/ZnO nanoarray NG 

acted not only as a power source, but also a response signal to 
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ethanol at room temperature. The chemical and physical 

properties of Pd greatly improved the ethanol sensing 

performance at room temperature. Moreover, the flexible 
device structures driven by human finger movement was 

demonstrated. This research could stimulate a research trend on 

room-temperature self-powered active gas sensors. 
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