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Figure S1. Photograph image of the home-made machine used for the measurements. 
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Note S1. ZnO nanowires synthesis  

For ZnO nanostructures synthesis zinc acetate dihydrate (Zn(CH3COO)2·2H2O; 0.45 M) from 

Sigma-Aldrich was dissolved in deionized water and sodium hydroxide (NaOH; 8 M) from Eka 

was added (solution A). In order to stabilize the nanostructures, to prevent the formation of 

agglomerates and to help with the nanorods length growth, a surfactant, sodium lauryl sulfate 

(NaC12H25SO4) from Scharlau was used, being also dissolved in deionized water with a molar 

concentration of 1.04 mM (solution B). The final solution was achieved mixing 2 mL of 

solution A, 5 mL of solution B and 10 mL of deionized water. The mixture was then transferred 

into a Teflon vessel (with a capacity of 50 mL). Three vessels were loaded at the same time into 

a CEM Mars One microwave, with a capacity for 12 vessels, being the microwave parameters 

set as 110 °C of temperature, 600 W of power, 7 min until reaching the set temperature and 

then 40 min of synthesis. The resultant precipitate of nanowires’ syntheses was centrifuged at 

4000 rpm and washed several times with deionized water and isopropyl alcohol, alternately. 

The nanostructures were finally left drying at room temperature for at least 72 h.1 

    

 

Figure S2. Characterization of ZnO nanowires. (a) SEM image. (b) XRD pattern. The 

identification was following ICDD card #36-1451.   
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Table S1. Piezoelectric coefficient of some of 1D piezoelectric nanostructures produced by 

hydrothermal synthesis.  

Material d33 (pm/V) Ref. 

ZnSnO3 23.0 ± 4 This work 

BNT 15.0 2 

KNbO3 10.8 3 

SbSI 12.0 4 

Na6(W6O19)(SeO3)2 12.0 5 

NaNbO3 4.0 6 

BaTiO3 31.1 7 

LiNbO3 25.0 8 

KNbO3 11.6 9 
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Figure S3. Electrostatic force microscopy of ZnSnO3 (a) and ZnO (b) nanowires on ITO 

substrate. The amplitude in electrostatic force modulation (EFM) is reduced for both kinds of 

nanowires in comparison to the ITO surface. At the same time the local surface potential is not 

altered for ZnSnO3 and slightly modified for ZnO leading to a local work function of 4.7 eV. 

This value is in agreement with literature data found on vacancy doped ZnO. The reduction in 

EFM amplitude rules out the presence of electrostatic surface charges. 

(a)
Height EFM Amplitude KPFM - Work function

(b)

Suppl. Figure xxx: Electrostatic force microscopy of ZnSnO3 (a) and ZnO (b) 
nanowires on ITO substrate. The amplitude in electrostatic force modulation (EFM) 
is reduced for both kinds of nanowires in comparison to the ITO surface. At the 
same time the local surface potential is not altered for ZnSnO3 and slightly modified
for ZnO leading to a local workfunction of 4.7 eV. This value is in agreement with 
literature data found on vacancy doped ZnO. The reduction in EFM amplitude rules 
out the presence of electrostatic surface charges.
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Figure S4. SEM images of micro-structured PDMS films. 

 

  

Aligned Misaligned

Gap 0 µm 0 µm

Height 360 µm 300 µm

Diameter 220 µm 230 µm

Gap 90 µm 60 µm

Height 380 µm 400 µm

Diameter 300 µm 330 µm
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Figure S5. Output voltage (a) and current (b) signals of unstructured (green) and micro -

structured (with aligned micro-cones with a gap between cones < 100 µm, blue) PDMS films. 
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Figure S6. Proposed charge generation and displacement mechanism for both the piezoelectr ic 

and triboelectric effects in micro-structured devices. When the device is pressed, piezoelectr ic 

charges (- and +) are induced in the composite and counter charges (  and ) are induced in 

the electrodes by piezoelectric effect, which immediately generates a piezoelectric current 
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detected by the ammeter. Negative ( ) charges are also induced by triboelectric effect in the 

interface between the composite’s surface, as well as positive ( ) in the top electrode.  When 

the pressure is released until the point that the ZnSnO3 nanowires are back to their origina l 

position in the composite, another piezoelectric current with the opposite direction is induced. 

As the pressure is released, the top electrode gets further away from the composite, which 

induces a charge compensation between the electrodes of the device and gives rise to a 

triboelectric current. When the top electrode has the maximum distance possible from the 

composite, the charges are in an equilibrium state and there is no current flowing through the 

ammeter. After this stage, a new pressure stimulus is applied to the device, approximating the 

top electrode to the composite and forcing the triboelectric charges in the electrodes to rearrange 

to balance the charges of the composite, which induces another triboelectric current with the 

opposite direction to flow through the ammeter. Finally, in the maximum compression state, no 

triboelectric current is detected, but a new piezoelectric current arises, initiating a new cycle 

with the same steps.  
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Table S2. Piezoelectric/triboelectric peak-to-peak voltage and current from the devices shown 

in Figure 4a and b. 

Design 
Peak-to-Peak  

Voltage (V) 

Peak-to-Peak 

Current (µA) 

Unstructured ZnSnO3@PDMS 0.5 ± 0.02 0.15 ± 0.01 

Micro-structured ZnSnO3@PDMS 

(Aligned cones, gap between cones = 0 µm) 

3.8 ± 0.11 0.23 ± 0.01 

Micro-structured ZnSnO3@PDMS 

(Misaligned cones, gap between cones = 0 µm) 

3.5 ± 0.16 0.24 ± 0.01 

Micro-structured ZnSnO3@PDMS 

(Aligned cones, gap between cones < 100 µm) 

8.7 ± 0.12 1.25 ± 0.03 

Micro-structured ZnSnO3@PDMS 

(Misaligned cones, gap between cones < 100 µm) 

4.8 ± 0.15 0.41 ± 0.03 
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Figure S7.  SEM images of ZnSnO3@PDMS micro-structured films with aligned micro-cones 

with a gap between cones < 100 µm after the stability test (12000 cycles of pushing force). No 

apparent degradation of the micro-cones is seen. 
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Figure S8. Output (a) voltage and (b) current generated from the ZnSnO3@PDMS micro-

structured films with aligned micro-cones with a gap between cones < 100 µm, one month after 

the initial measurements shown in Figure 4. 
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The I-V curves of commercial LEDs, used as practical applications of the fabricated ZnSnO 3  

nanowires@PDMS devices, were obtained by applying voltage sweep, using a Keysight 

B1500A system.  

 

 

Figure S9. I-V curve of (a) a single (white) LED, and (b) five (blue) LEDs in series. (c) Table 

showing the necessary voltage and current outputs to turn on the LEDs.  
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Figure S10. (a) Circuit schematic for the powering of electronic devices through the charging 

of a 10 μF capacitor using a micro-structured ZnSnO3 NWs@PDMS nanogenerator. (b) 

Measured voltage in the capacitor during the charging process. Note that the mult ip le 

measurements of the capacitor voltage result in a significant voltage drop due to the discharging 

through the measurement probe (10 MΩ), yielding longer overall charging times. 
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Supplementary video 1: Home-made machine used for mechanical stimulation of the 

nanogenerators.  

Supplementary video 2: Pressing-releasing cycles on the ZnSnO3@PDMS micro-structured 

nanogenerator. 

Supplementary video 3: Pressing-releasing cycles on the ZnSnO3@PDMS unstructured 

nanogenerator. 

Supplementary video 4: Powering a single white LED by direct connection and mechanica l 

stimulation of the ZnSnO3@PDMS micro-structured nanogenerator. 

Supplementary video 5: Powering five blue LEDs by direct connection and mechanica l 

stimulation of the ZnSnO3@PDMS micro-structured nanogenerator. 

Supplementary video 6: Powering small electronic devices via a 10 µF capacitor previously 

charged by the ZnSnO3@PDMS micro-structured nanogenerator. 
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