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Highlights 

 The large area synthesis of faceted and spongy self-standing ZnO single-

crystal nanorods is shown. 

 Enhanced piezoelectric properties are exhibited by the synthesized nanorods. 
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 Resistive switching properties have been evaluated in both faceted and spongy 

nanorods. 

 

Abstract 

A template-free, cost-effective, hydrothermal procedure is used to synthesize large areas 

of either faceted or spongy self-standing single-crystalline ZnO nanorods (NRds) from 

electrodeposited Zn films. The morphology of the NRds (faceted versus spongy) can be 

easily adjusted by simply varying the electrodeposition parameters of the parent Zn 

film. The obtained NRds exhibit an enhanced piezoelectric response (compared to bulk 

ZnO) and resistive switching properties which depend on their intrinsic morphology. 

This combination of properties together with the simplicity of the synthetic approach is 

particularly appealing for the fabrication of large arrays of nanosensors, nanoactuators 

and other applications that could benefit from an enhanced surface area in single-

crystalline semiconductors. 

1. Introduction 

Materials’ properties can be often enhanced by introducing porosity or surface 

roughness to their structure. This approach has successfully been used to boost a 

widespread range of technological applications, mainly in chemistry, not existing or 

poorly efficient in conventional fully-dense films and bulk materials. Catalysis and gas 

sensing are among the conventional fields that benefit from porous or loosely packed 

(i.e., spongy) structures since the increased surface area provides more catalytic active 

sites for the reactants and faster kinetics [1]. While spongy and nanoporous materials 

have been extensively studied from a chemical point of view, some of the physical 

properties of these types of materials (e.g., piezoelectricity or resistive switching) have 
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been much less investigated. Nonetheless, the advantages of nanoporous materials in 

engineering applications like resistive random access memories (RRAM) or strain 

actuators have become obvious in recent years [2-4]. Hence, it is important that the 

physical properties of fully dense materials are also maintained or even improved when 

the microstructure is made porous. Actually, in piezoelectric materials, nanoporosity 

allows circumventing the detrimental effects of the clamping with the substrate, while it 

can also promote stabilization of certain crystallographic phases with enhanced 

piezoelectric response [5]. 

Another approach to enhance the properties of materials is to scale down their physical 

dimensions [6,7]. Since the discovery of single-wall carbon nanotubes [8], lots of efforts 

have been made to produce 1D nanostructures (wires, rods, tubes,…) consisting of other 

elements and compounds, such as ZnO [9]. These 1D nanostructures can exhibit a better 

resolution in piezoelectric sensors and also in RRAM [10]. However, once at the sub-

micron scale, polycrystalline materials usually perform worse than single-crystalline 

ones. The piezoelectric response of polycrystalline compounds is reduced due to the 

averaging effect of the piezoelectric constants along the different crystallographic 

directions and the occurrence of domain-wall displacements in ferroelectric 

piezoelectrics [11]. In the case of resistive switching, the presence of grain boundaries 

induces variations in the conductive filaments paths upon successive cycling [12], 

leading to a scattering in the on/off voltage values [10].
 
From all the aforementioned, it 

is expected that synergistic effects can be achieved in nanostructures that are porous 

and single-crystalline at the same time. However, although much effort has been made 

to produce, separately, porous [13-15]
 

and single-crystal nanomaterials [16-18], 

synthesizing porous single-crystalline nanostructures is not straightforward and it often 

requires of multi-step sophisticated procedures [19-21]. 
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To fulfil certain technological demands, multifunctional materials (either single-phase 

or hybrid composites) are needed. Among metals and semiconductors, ZnO is one of the 

materials that satisfies the definition of “multifunctional” and has been employed in 

diverse fields, including electrochemistry, electromechanics, photocatalysis and 

electronic applications, among others [22,23].
 
The multifunctionality of ZnO stems 

from the unique features of its thermodynamically stable crystallographic phase, the 

wurzite structure, which belongs to the non-centrosymmetric P63mc space group. In this 

crystallographic structure, both Zn and O atoms are tetrahedrally coordinated to each 

other, forming two compact hexagonal sublattices one for each kind of atom [24]. This 

layered structure leads to two polar surfaces, which is the key point in several physical 

properties of ZnO, such as luminescence or piezoelectricity.  

In this work, we present a self-templating and cost-effective hydrothermal procedure 

that enables the production of large areas of either faceted or spongy single-crystalline 

ZnO nanorods (NRds) from previously electrodeposited Zn films. Hydrothermal 

treatments had been previously used to synthesize ZnO nanotubes for photocatalytic 

applications [25] and nanorods and NRds with photoluminescence properties [26]. 

Herein, the morphology of the NRds can be adjusted (faceted versus spongy), without 

losing the single-crystalline character, by varying the electrodeposition parameters of 

the parent Zn film. The obtained NRds exhibit piezoelectric properties and resistive 

switching behaviour, which depend on the intrinsic morphology of the single-crystalline 

NRds. 

2. Materials and Methods 

2.1.Synthesis of Faceted and Spongy Single-Crystal ZnO Nanorods 
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All the chemical reagents were of analytical grade and were used as received: zinc 

sulphate heptahydrate (ZnSO4·7H2O puriss 99.0%), sodium sulphate anhydrous 

(Na2SO4, ACS reagent ≥99.0%), boric acid (H3BO3, puriss p.a. ACS reagent ≥99.8%) 

and sulfuric acid (H2SO4, reagent grade, 95-98%).  

The synthetic approach to obtain the faceted and spongy single crystal ZnO NRds 

combines two different techniques: electrodeposition and hydrothermal treatments. 

First, two types of Zn films were grown by electrodeposition. This is a very versatile 

and cost-effective technique since it requires neither vacuum conditions nor the use of 

clean room facilities. Zn electrodeposition was carried out in a one-compartment 

thermostatized three-electrode cell using a PGSTAT302N Autolab 

potentiostat/galvanostat (Ecochemie). Si substrates with Ti and Au evaporated layers 

were used as working electrodes (WE), which were positioned vertically within the 

electrolyte. The working area was set to 0.25 cm
2
. A double junction Ag|AgCl (E = 

+0.210 V versus standard hydrogen electrode (SHE)) reference electrode (Metrohm 

AG) was used with 3 M potassium chloride (KCl) inner solution and an interchangeable 

outer solution. The outer solution was made of 1 M sodium sulphate. A platinum spiral 

served as the counter electrode. The temperature was fixed to 25°C. Prior to each 

deposition, the bath was deaerated by gently bubbling N2 during 15 min. The Zn film 

used as a precursor for the growth of faceted single crystal ZnO NRds (F_Zn Film) was 

deposited galvanostatically at a current density (j) of -10 mA cm
-2

 during 1800 s in an 

electrolyte consisting of 0.1 M ZnSO4·7H2O, 0.1 M Na2SO4 and 0.1 M H3BO3. The Zn 

film employed for the growth of the spongy single crystal ZnO NRds (SP_Zn Film) was 

deposited potentiostatically at a potential (E) of -1.5 V in an electrolyte composed of 0.1 

M ZnSO4·7H2O during 400 s. Ultrapure water (18 MΩ cm) was used to prepare the 

plating solutions and the pH was adjusted to pH = 2 with H2SO4 in both cases. In a 
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second step, the plated Zn films were introduced in a distilled water bath, at 90 ºC, for 8 

h. During this hydrothermal treatment, the ZnO growth took place. After the treatment, 

the samples were removed from the bath and dried in air to stop the NRds from further 

growth. 

2.2.Structural and morphological characterization of the Zn films and ZnO 

nanorods  

The crystallographic phases present in each sample were determined by X-ray 

diffraction (XRD) in a Philips X’Pert diffractometer using the Cu Kα radiation (40 kV 

and 30 mA), a step size of 0.026º and an integration time of 400 s in the 30°–65° 2θ 

range. The crystallographic structure was also analyzed by high resolution transmission 

electron microscopy (HRTEM) and selected area electron diffraction (SAED) utilizing a 

JEOL-JEM 2011 system operated at 200 kV. The morphology and energy dispersive x-

ray mappings (EDX) of the NRds was examined by field emission scanning electron 

microscopy (FE-SEM) using a Zeiss MERLIN microscope operated at 3.0 kV and 100 

pA to prevent from charging effects. EDX mappings were obtained at 20kV and 1nA. 

2.3.Assessment of the piezoelectric and resistive switching properties of the 

ZnO nanorods  

The piezoelectric properties were studied by piezoresponse force microscopy (PFM) 

with a Keysight 5500LS AFM using a solid platinum conductive tip with reference 

RMN-25PT300B from Rockymotauntain Nanotechnology. This is a special probe that 

consists of a long tip attached to a cantilever with a spring constant of 18 N m
-1

. Such 

setup effectively minimizes artifacts and electrostatic phenomena that can interfere with 

measurements, giving too high or false D33 constants [27,28]. All the measurements 

were carried out in low humidity conditions (less than 5%) to avoid possible 
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electrochemical artifacts. A total of 40 sweeps in different points along the sample were 

acquired for statistical purposes. The sweeps that provided no piezoelectric signal were 

not considered, as they were assumed to have been performed onto the metallic Zn 

substrate (arising from sample defects) or from non-piezoelectric facets of the ZnO 

nanorods [29]. The tip calibration was performed through the measurement of the 

deflection versus distance curve [30]. 

Transport properties were examined with the same AFM, including a current-to-voltage 

amplifier “Resiscope” capable of measuring 10 decades of current. The charge transport 

study was performed acquiring current versus voltage curves, sweeping bias from -4 V 

to +5 V and back to -4 V. The specific voltages used were selected as they were high 

enough to change the conductivity state of the sample but not exceedingly high so as to 

destroy the tip, cause undesirable electrochemistry effects or deteriorate the sample. The 

sweep rate was kept constant to 15 V s
-1

, while low humidity (less than 5%) was again 

maintained for all the measurements. The force used, for both PFM and conductive 

atomic force microscopy (CAFM), was in the range of 1-10 µN. 

3. Results and discussion 

The XRD patterns (Figure 1) reveal that both Zn films possess the hexagonal-close 

packed (hcp) structure (space group P63/mmc), with preferential orientation along the 

[002] direction. In the diffractograms from the hot-water treated samples, clear peaks 

from the ZnO wurtzite phase, arising from the formation of the NRds, are visible, 

superimposed to peaks from Zn. Semi-quantitative information about texture can be 

obtained from the relative intensity of the XRD peaks, i.e., normalizing the patterns by 

the most intense XRD peak (discarding those related to the substrate) and comparing 

them with the values corresponding to crystallographically isotropic Zn and ZnO. 
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Figure 1. XRD patterns for the electrodeposited F_Zn, SP_Zn films and the F_ZnO and 

SP_ZnO NRd samples. The Zn peaks can be indexed according to the JCPDS 04-0831 

and the ZnO peaks according to the JCPDS 36-1451. The cut around 2θ = 38° is to hide 

the high intensity Au (111) peak (JCPDS 04-0784) from the substrate. * belongs to 

intermetallic AuZn3. 

 

Table 1 lists the five most intense reflections for the four investigated samples, together 

with the relative peak intensity obtained experimentally and, in parenthesis, 

theoretically values for isotropic powders, as tabulated in the JCPDS cards. The results 

reveal that Zn films tend to grow in the basal plane [002] direction, which presents the 

highest experimental relative intensity. Peaks like the (100) or (101) show a significant 

loss in intensity compared to the tabulated values. For the F-ZnO and SP_ZnO NRds the 

analysis is more subtle due to the mixed contribution between Zn and ZnO in the 2θ 

peak at 36.3º. However, one remarkable aspect is the notorious increment in the (002) 

peak intensity in both types of NRds. This can be understood as a consequence of the 

tendency for the NRds to preferential grow along the [002] direction (c-axis) and remain 

aligned perpendicular to the substrate. The additional peaks in Figure 1, marked with an 
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asterisk, correspond to intermetallic AuZn3 phase, which presumably forms during the 

initial stages of the Zn electroplating, due to the diffusion of Zn into the Au [31]. 

 

Tab

le 1. 
List 

of 

XR

D 

pea

ks 

posi

tion

s, 

toge

ther 

with 

the 

exp

erim

enta

l 

and tabulated (in parenthesis) relative intensity. Indicated in the first four left columns 

are the peaks positions and the corresponding crystallographic planes for Zn (JCPDS 

04-0831) for the F_Zn and SP_Zn Films. Indicated in the four right columns are the 

peaks positions and the related plane for the ZnO (JCPDS 36-1451) for both faceted (F-

ZnO) and spongy (SP-ZnO) NRds. The values marked with * correspond to peaks 

whose positions coincide for both Zn and ZnO. 

 

The Zn films and ZnO NRds were morphologically investigated by field-emission 

scanning electron microscopy (FE-SEM). Zn films consist of hexagonal crystals stacked 

to each other parallel or almost parallel to the substrate (Figure 2a and 2c). Notice that 

although both films are structurally equivalent, their grain morphology is actually 

different. The grains in the F-Zn film exhibit a more faceted or stratified architecture 

than those in SP-Zn film. The NRds probably inherit the morphology of the parent Zn 

film to  

Peak (º) 

(plane) 
Intensity 

Peak (º) 

(plane) 
Intensity 

Peak (º) 

(plane) 
Intensity 

Peak (º) 

(plane) 
Intensity 

F_Zn Film SP_Zn Film F_ZnO NRds SP_ZnO NRds 

36.331 

(002) 

100% 

(53.00%) 

36.329 

(002) 

100% 

(53.00%) 

31.807 

(100) 

28.83% 

(57.00%) 

31.806 

(100) 

44.23% 

(57.00%) 

39.008 

(100) 

14.71% 

(40.00%) 

39.039 

(100) 

13.47% 

(40.00%) 

34.422 

(002) 

77.86% 

(44.00%) 

34.484 

(002) 

100% 

(44.00%) 

43.247 

(101) 

43.30% 

(100%) 

43.273 

(101) 

47.89% 

(100%) 

36.253* 

(101) 

100% 

(100%) 

36.307* 

(101) 

69.07% 

(100%) 

54.348 

(102) 

19.52% 

(28.00%) 

54.347 

(102) 

15.35% 

(28.00%) 

47.539 

(102) 

8.54% 

(23%) 

47.611 

(102) 

20.34% 

(23%) 

70.075 

(103) 

20.12% 

(25.00%) 

70.106 

(103) 

11.96% 

(25.00%) 

56.603 

(110) 

6.46% 

(32%) 

56.595 

(110) 

17.01% 

(32%) 
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Figure 2. SEM images corresponding to: a) F-Zn, b) F-ZnO, c) SP-Zn and d) SP-ZnO 

samples.  

Figure 3. Field emission SEM images of a, b) faceted and c, d) spongy ZnO NRds. 
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some extent. In turn, the low magnification SEM images of the ZnO NRds (Figure 2b 

and 2d) confirm the tendency of the NRds to grow along the c-axis orientation during 

the hot water treatment. Due to the difficulty to disentangle the ZnO (101) contribution 

from de Zn (002) in the XRD pattern, which may give us an idea of how deviated from 

an ideal perpendicular array are our nanorods [32], SEM cross section have been 

obtained. Figure S1 confirms, apart from the c-axis growth tendency of the NRds, that 

most of the nanorods are deviated by an angle smaller than 30º. The tilt has been 

calculated measuring 100 NRds resulting, on average, that faceted nanorods are 

deviated by an angle of (16.0±11.9) degrees and by (15.6±11.3) degrees the spongy 

NRds. Further details of the angular distribution are shown in Figure S2. 

EDX mappings (Figure S3) showed the element distribution (Zn and O) for both types 

of samples. While Zn showed a uniform distribution, O presents some dark regions. 

These black regions can be ascribed to a shadowing effect due to sample roughness, but 

also to a lack of ZnO NRds coverage. In order to disentangle both plausible origins, the 

coverage of the NRds has been determined segmenting the SEM images (Figure S4) 

applying a binary threshold. In both cases the coverage is higher than 90%, suggesting 

that dark regions are originated by shadowing effects (see Table S1). High 

magnification images of the ZnO NRds are shown in Figure 3. The images reveal the 

distinct morphology (faceted versus spongy) of the NRds prepared from the F-Zn and 

SP-Zn films. Some regions of the spongy NRds seem to exhibit nanoporosity with pore 

size that lies below 10 nm. In both cases, though, the NRds exhibit a hexagonal cross 

section, suggesting that they are single-crystalline. Table 2 summarizes the average 

sizes (length and width) for both faceted and spongy, determined counting 30 NRds (see 

supporting information for histograms (Figure S5)). 
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 Length (μm) Width (μm) 

Faceted (1.81±0.88) (0.20±0.12) 

Spongy (1.48±0.66) (0.24±0.09) 

Table 2. Average sizes for both faceted and spongy nanorods. 

 

 

Figure 4.  TEM images of a single a) faceted and b) spongy ZnO NRd. The insets in a) 

and b) correspond to high-resolution TEM images. The 1) to 4) panels next to a) and b) 

are the corresponding SAED patterns measured along the NRd axis, as indicated in the 

figure. 
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The crystal structure was also evaluated by high resolution transmission electron 

microscopy (HRTEM) and selected area electron diffraction (SAED) (Figure 4). 

HRTEM images (Figure S6 a) and b)) reveal a crystalline structure with an interplanar 

distance of ~2.58 Å, corresponding to the (002) planes, which are oriented 

perpendicular to the growth direction of the NRds. Selected area electron diffraction 

(SAED) patterns confirmed the single-crystal nature of the NRds. Namely, SAED 

analyses performed along the c-axis of the two types of NRds revealed spotty patterns 

in both cases, which did not vary along the length of the NRds. From Figure 4b can be 

easily seen that small nanoparticles coat the spongy nanorod. HR-TEM image (Figure 

S7) of these nanoparticles provided some structural insights. Figure S7 shows up that 

the nanoparticles are crystalline, formed by planes with an interplanar distance of 2.79A 

corresponding to the ZnO (100) plane. These planes are stacked with a certain angle 

with respect to the nanorod growth direction (002). This deviation suggest that its 

formation is posterior to the nanorod growth, acting the nanorod’s surface as a 

nucleation point. In any case, we believe that, since these nanoparticles at the nanorods’ 

surface are very small compared to the dimensions of the nanorods, the main 

contribution to the measured piezoelectric and resistive switching properties arises from 

their virtually single-crystalline character. 

The piezoelectric properties of both faceted and spongy NRds were investigated through 

the use of piezoresponse force microscopy (PFM) [27,28,33,34]. A conductive tip was 

put in contact with the sample surface while an AC bias was applied. The AC bias 

induces the material to expand and contract at the same AC frequency as the applied 

bias. Several acquisitions of the Tip amplitude vibration versus Applied AC voltage 

were performed (see Figure 5a). The tip vibration amplitude showed a linear 
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dependence on the applied AC bias amplitude, as expected from a piezoelectric signal 

[35]. More importantly, special selected tips were employed in order to reduce possible 

electrostatic effects that may affect the electromechanical behavior of the NRds, in 

order to provide a clean and trustful electromechanical response [36].  Further Force-vs-

Displacement curves were obtained to calibrate the system while the resonance peak 

maximum values were studied for different applied bias amplitude (see Figure S8). 
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Figure 5: a) Tip displacement vs AC Voltage plot and b) scheme comparing the D33 

results of this work results with the literature.  

 

The D33 piezoelectric coefficient was obtained analyzing the resonance curves [37] for 

both the F-ZnO and SP_ZnO NRds. The statistical analysis for each sample result in a 

D33 values of 22.4 ± 3.2 pm V
-1

 and 23.9 ± 2.7 pm V
-1

, respectively.  

Remarkably, the obtained values of D33 are larger than the expected piezoelectric 

coefficient for bulk ZnO (D33 = 9.93 pm V
-1

). Figure 5b summarizes the D33 values 

for different ZnO nanostructures, textured thin films and bulk samples [30, 32, 38-42]. 

Our results fall within the upper range values previously measured. One of the possible 

reasons why the D33 of our nanorods are higher than the bulk, a part from its single-

crystalline nature, is recently reported by Kang et al. who demonstrated that the reduced 

lateral size of the nanorods improve the piezoresponse by relaxing the clamping effect 

[43]. These results also reveal that nanoporosity in SP-ZnO NRds is not detrimental for 

the piezoelectric properties. Moreover, since SP-ZnO NRds have a larger diameter than 

F-ZnO, one might expect a lower D33 value for SP-ZnO NRds, but this is actually not 

experimentally observed. In addition, note that the misalignment among the NRds (with 

respect to the vertical direction) might eventually result in an underestimation of D33. 

In other words, when a bias is applied to a NRd canted by an amount ϕ, it will expand in 

its c-axis (nanorod longitudinal axis), however, the resulting tip displacement will be 

reduced by a factor cosine of ϕ (orthogonal projection with respect to the substrate). 

Putting some numbers, for a maximum tilt of 30º (in the edge of the determined angular 

distribution), the underestimation assumed is smaller than the 15%. Also note that the 

other piezoelectric constants in ZnO (D31 and D15) are actually negative [44]. 
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Moreover, the tilt present in the nanorods may introduce a new hindrance by limiting 

the expansion each other. Despite these limitations, the good piezoelectric behaviour 

shown by the nanorods, make them appealing to be use in strain-dependent nanosensors 

or nanoactuators [45,46].
  
 

Charge transport properties were investigated through the use of a conductive atomic 

force microscopy (CAFM). The setup is depicted in Figure 6a, where it is shown that 

the sample is biased with a given voltage, while the tip is grounded.  

The obtained charge transport results are shown for the F-ZnO and SP-ZnO NRds 

in Figure 6c and 6d, respectively. The sweep starts at -4 V, where a low resistance state 

(LRS) is recorded. Bias is increased from -4 V to +5 V (dark blue symbols) and a high 

resistance state (HRS) is recorded at +5 V. The sweep is then reversed, from +5 V to -4 

V (orange symbols), where the LRS is recovered. Comparing the results from F-ZnO 

and SP-ZnO NRds one can see that both samples render a similar level of current. This 

behavior confirms the nature of charge transport, as being essentially an interface effect 

because for a volume effect, one should expect lower currents when the porosity of the 

NRds increases, as the effective cross section is then diminished and also discards any 

possible contribution due to nanorod intercontection. The specific SET and RESET 

voltages are slightly different for both types of NRds. The exact values for these 

voltages depend upon many factors, like vacancy concentration and interface quality 

that could shift the SBH and hence the threshold voltages. Upon performing the sweeps, 

we also found metallic-like charge transport behavior that can be correlated, as in PFM, 

with the existence of the metallic substrate due to defects produced during the sample 

manipulation.  
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Looking from the bottom, the structure is composed of a metal (Zinc), a semiconductor 

(ZnO) and another metal (Platinum, which is the CAFM tip) acting as a top electrode. A 

metal-semiconductor-metal (M-S-M) structure is hence formed [47]. The specific 

charge transport nature of the structure is under debate [48,49], however the ionic 

mobility inside the semiconductor seems to be the dominant effect [47]. The M-S-M 

structure can be modeled as two Schottky Barrier Heights (SBH), one located in each 

end of the NRd (see Figure 6b) [50]. The two SBH are modulated through different 

ionic diffusion present in the semiconductor, that will increase or decrease the specific 

barrier height at each interface. Throughout the structure, charge transport is thus 

modulated by an interface effect, the metal/semiconductor interface. The specific type 

of ions diffused are generally oxygen vacancies, but other type of ionic movement has 

been reported to also cause a change in the SBH [51]. For oxygen vacancies, their 

presence near the interface will effectively reduce the SBH. On the contrary, a reduction 

of oxygen vacancies near the interface will increase the SBH [47,52].  

However, the step-like response of the yellow line in figure 5d may induce the reader to 

think into a filamentary RS mechanism, as previously investigated by other authors 

showing possible filamentary mechanism for similar structures like Cu-ZnO-Pt 

junctions as well as filamentary formation along the nanorods [53,54]. Moreover, 

elucidate the real mechanism of the resistive switching phenomena is out of the scope of 

this paper.  

The retention time for both the LRS and HRS was measured in both samples, to ensure 

both states could be read (data shown in Figure 6e and 6f). In order to perform this 

experiment, a LRS was recorded with -4 V during 10 seconds. Afterwards, the sample 

was biased with -2 V, and the LRS evolution with time was recorded (black line). A 

step voltage of +5 V was then set to record the HRS while, after 10 seconds, a -2 V bias 
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was placed again to record the HRS evolution with time (red line). The observation of 

resistive switching properties in these NRds is in agreement with previous works on 

ZnO nanorods
 
[55] and could be of interest for nanoscale non-volatile resistive memory 

devices for sensor applications. In combination with the piezoelectric response, such 

types of nanostructured objects could also be used for programmable electromechanical 

memories [56]. 

 

Figure 6.  a) Schematic diagram for Current Atomic Force Microscopy (CAFM) 

measurements. The sample is biased with a given voltage while the current flows 

through the sample to the grounded tip. b) Energy band diagram of the Metal-

Semiconductor-Metal structure. c, d) Current versus Voltage spectroscopy curves 
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obtained for faceted and spongy ZnO NRds, respectively. e, f) Resistance versus time 

evolution of a low resistance state (LRS) –black line–, and a high resistance state (HRS) 

–red line– for the faceted and spongy NRds, respectively. 

 

 

 

 

Conclusions 

In summary, a versatile hydrothermal method to prepare large arrays of single-

crystalline ZnO NRds with tunable morphology has been presented. The morphology of 

the ZnO NRds seems to be dependent on the electrodeposited parent Zn Film.  The 

obtained NRds show a piezoelectric response larger than for bulk ZnO and higher to 

other reported ZnO Nanorods. Its small lateral size and single crystallinity are plausible 

motive to this large piezoresponse. It is also demonstrated that piezoelectric properties 

are independent on the surface porosity. The resistive switching behaviour of both 

faceted and spongy is also reported and, as in the case of the piezoelectric, minor 

differences are seen in porous single-crystal nanorods. By all these above reasons the 

presented nanorods open a paradigm for sensor and actuator applications where 

synergic effects are required (large area materials and electromechanic properties). 
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