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Abstract: The growing energy demand, combined with the rising volume of e-
waste, demands an urgent search for sustainable energy-harvesting devices. Among
the several energy sources, mechanical energy is the most explored due to its
abundance. In this context, piezoelectric energy harvesters have great potential, as
they leverage the synergy between tribo- and piezoelectric effects to convert
mechanical into electrical energy with high efficiency. Herein, the potential of
sustainable materials to produce paper-based energy harvesters is explored.
Specifically, paper is used as both active layer and substrate and the response of
devices based on this material in different forms (pristine, embedded with matrices
of cellulose derivatives and embedded with composites of hydrothermally
synthesized one-dimensional zinc oxide—ZnO—particles and polymeric matrices)
is evaluated. Different architectures were studied, namely the active layer
sandwiched between two commercial electrodes and devices based on paper
substrates with screen-printed silver electrodes. Among these, a maximum output
of (3.5+0.8) V was obtained with devices based on Whatman paper embedded with
ZnO/ethylcellulose nanocomposites sandwiched between commercial electrodes, and
the same active layer with screen-printed electrodes yielded an output voltage of (0.29
+0.01) V, for an impact force of 10 N. The present results thus represent a promising
avenue for the development of sustainable devices, paving the way for eco-friendly,
cost-effective and versatile energy-harvesting technologies.

Keywords: energy harvesting; piezoelectricity; triboelectricity; zinc oxide; paper;
cellulose

1. Introduction

The current environmental scenario demands an urgent search for more sustainable energy sources [1,2].
Moreover, the need to develop green alternatives to obtain electrical energy has become vital due to the growing
energy demand [3,4]. Nowadays, devices such as mobile electronics, sensors and implantable biomedical devices
are powered by batteries that often present a shorter lifetime than the device and whose replacement can be difficult
and inconvenient [5,6]. As such, the focus has shifted to developing devices that can harvest energy from different
sources, such as heat, electromagnetic radiation, mechanical vibrations and fluid flows, then redistributing it to the
final application, such as powering devices [7,8]. Among the several ambient energy sources, mechanical energy
is the most ubiquitous and versatile since it can be harvested from different sources such as vibration, flow and
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motion [9,10]. Among these, biomechanical motion can generate power in the order of 67 W [11]. Within this
framework, several alternatives have been explored to convert mechanical energy into usable electrical energy.

Two approaches to harvesting surrounding mechanical energy are the use of triboelectric and piezoelectric
energy harvesters, which absorb and convert mechanical into electrical energy [8,12]. The working mechanism of
triboelectric devices relies on the coupling of the triboelectric effect (also known as contact electrification) with
electrostatic induction to convert mechanical stimuli into electrical signals [13,14]. In these devices, when two
different materials contact each other, the material with the greater electron-attracting ability becomes negatively
charged, and the other becomes positively charged [15,16]. The generated charges are non-mobile and have a long
lifetime. Upon physical separation, the charges in the interfacial region will separate, creating a potential difference
and causing electrons to flow in the external circuit to cancel this difference [11,15]. Triboelectric harvesters have
four working modes depending on the relative motion of the materials: single-electrode, contact-separation, free-
standing triboelectric layer and lateral sliding [16,17]. By comparison, piezoelectric energy harvesting relies on an
alternative electromechanical conversion principle.

Piezoelectric harvesters are based on the displacement of dipoles within the active material due to the absence
of a center of symmetry within its structure [15,18,19]. As such, piezoelectric devices do not require contact with
other materials, contrary to triboelectric ones [9]. Besides being durable and more sensitive to minor strains,
piezoelectric harvesters can be manufactured in various dimensions and compact structures, which can be
incorporated into different circuits. Therefore, piezoelectricity is a promising approach for developing harvesters
that have been applied to wireless electronics, implantable biomedical devices and transportation [6,19]. Generally,
piezoelectric materials fall into two groups: organic and inorganic materials [18,20]. Polyvinylidene fluoride
(PVDF) and poly(vinylidene fluoride-co-trifluoroethylene) (P(VDF-TrFE)) are the most well-known organic
piezoelectric materials, exhibiting piezoelectric coefficients around —33 pC-N~' [18,21]. The piezoelectric
behavior of these polymers originates from the asymmetric distribution of hydrogen and fluorine atoms in the -
phase [2,22]. However, achieving optimal piezoelectricity in PVDF-based materials often requires post-production
processes, such as poling, which involve high temperatures and add complexity to the fabrication process [23].

When compared with organic piezoelectric materials, inorganic materials present higher piezoelectric
constants [24,25]. Their extensive use in energy harvesters stems from their sensitivity to mechanical deformations
such as bending, stretching, twisting and pressing [9]. The group of inorganic materials includes ceramics (e.g.,
lead zirconate titanate—PZT), as well as nanostructured films and particles [22,25]. The piezoelectric response of
these materials is based on the deformation of their crystal lattice [22,26]. Generally, inorganic piezoelectric
materials exhibit either a wurtzite or a perovskite crystal structure [9]. Among these, materials with wurtzite
structure, including cadmium sulfide (CdS), gallium nitride (GaN), indium nitride (InN), aluminum nitride (AIN),
zinc oxide (ZnO) and zinc sulfide (ZnS), have garnered significant attention due to their excellent mechanical
properties and high stability [24,27]. Among the wurtzite-structured materials, ZnO has been widely explored.
Unlike PZT, which despite its high piezoelectric coefficient (d;; between 500 and 600 pC-N~! [28] against 10 to
12 pC-N! for ZnO [29]) poses environmental and health risks due to its lead content [28], ZnO is environmentally
benign, non-toxic and biodegradable [30-33]. Additionally, ZnO avoids the need for high-temperature processing
or poling, unlike PVDF derivatives [23], making it a scalable and sustainable choice. This metal oxide can be
easily synthesized with different properties through cost-effective, low-temperature and straightforward
approaches, and its high thermal and chemical stability, antimicrobial properties and versatility explain its
widespread use in optoelectronics, sensors, photocatalysis and piezoelectric devices [34—-38]. However, translating
the favorable properties of ZnO into flexible devices requires suitable substrate materials.

Owing to their properties such as cost-effectiveness, abundance, lightness, flexibility, non-toxicity, and
environmental friendliness, paper substrates have been one of the main research topics in the field of flexible
electronics [39-43]. The development of triboelectric energy harvesters that include paper in their structure has
already been reported [4,44—46]. For the development of triboelectric harvesters, paper acts as an active layer and
conductive materials are deposited on each side to serve as an electrode [45]. In the case of paper-based
piezoelectric sensors, paper is functionalized with an active material, such as nanostructures [45]. Although several
reports of paper-based harvesters already exist, there is still much room to improve their performance or simplify
the production process [45,46]. In this context, the active layer plays a fundamental role in determining device
performance, with polymeric materials constituting a key component. Among the nature-derived and synthetic
polymers explored for energy harvesting applications, cellulose has attracted significant interest.

Cellulose stands out among the bio-derived polymers due to its abundance, non-toxicity and cost-
effectiveness. This biodegradable polymer has a piezoelectric coefficient between 26 and 60 pC-N! [13,47], and
its use for the development of nanogenerators has already been reported [15,48—50]. To further enhance and tailor
these properties, efforts have been directed toward designing composite materials.
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Nanocomposites, i.e., composites of dielectric materials and nanostructures, offer the possibility to tailor
specific properties of the final material, such as mechanical strength, dielectric constant and surface roughness
[51,52], simultaneously protecting the piezoelectric structures, which typically have a brittle and fragile nature. As
such, this work explores the potential of sustainable materials to produce nanocomposite-based energy harvesters.
More specifically, harvesters in which paper substrates serve as both the active layer and the substrate for electrode
material deposition were developed to replace commonly used, environmentally taxing materials such as
polydimethylsiloxane (PDMS) and indium tin oxide-coated polyethylene terephthalate (PET/ITO) substrates.
Alongside the produced harvesters based on paper substrates with embedded cellulose derivatives, devices based
on nanocomposites of cellulose derivatives and ZnO were also produced, taking advantage of the intrinsic
piezoelectricity of the nanostructures of this metal oxide. The performance of each architecture was evaluated,
with a maximum output voltage of (3.5 + 0.8) V obtained for devices based on Whatman paper embedded with
ZnO@ethylcellulose nanocomposites under an impact force of 10 N. The same active layer sandwiched between
screen-printed electrodes yielded a maximum output voltage of (0.29 + 0.01) V. The presented results demonstrate
the feasibility of using sustainable materials and processes to produce energy harvesters, paving the way for the
development of eco-friendly, cost-effective energy-harvesting technologies with potential applications across
fields such as healthcare, environmental monitoring and wireless sensing. In sum, this work demonstrates a
distinctive and practical approach to developing cellulose-based energy harvesters by combining microwave-
assisted hydrothermal synthesis of ZnO particles with coating and printing techniques. The reported approach not
only reduces processing complexity but also explicitly shifts away from unsustainable materials, while exploiting
the structural versatility of ZnO nanostructures, to enable systematic tuning of device performance through active
layer composition and device design.

2. Materials and Methods
2.1. Microwave-Assisted Hydrothermal Synthesis of ZnO Nanorods

The ZnO nanorods were obtained by hydrothermal synthesis assisted by microwave irradiation, following an
already reported procedure [53]. Zinc acetate dihydrate (CsHi0OsZn, 98-101%, CAS: 5970-45-6) from Thermo
Scientific Chemicals (Waltham, MA, USA) and sodium hydroxide (NaOH, >98%, CAS: 1310-73-2) from Labkem
(Barcelona, Spain) were the precursors used for the synthesis of the metal oxide nanostructures. Additionally,
sodium dodecyl sulfate (NaCi2H25SO04, 95%, CAS: 151-21-3) from Scharlau (Barcelona, Spain) was the chosen
surfactant. The synthesis was carried out in a solvent mixture of deionized water and 2-ethoxyethanol (C4H,00x,
99%, CAS: 110-80-5) from Honeywell Research Chemicals (Charlotte, NC, USA). Briefly, 3.3 g of zinc acetate
dihydrate was dissolved in 30 mL of deionized water under magnetic stirring. Subsequently, 9.6 g of sodium
hydroxide was added to the zinc solution, and the mixture was stirred continuously until a homogeneous mixture
was obtained. In parallel, a surfactant solution was prepared by dissolving 0.045 g of sodium dodecyl sulfate in
150 mL of deionized water. Once both solutions were completely dissolved, 6 mL of the zinc precursor solution,
15 mL of the surfactant solution and 30 mL of 2-ethoxyethanol were combined and stirred for 5 min. The final
mixture was evenly distributed by three Teflon® vessels, each containing 17 mL of the prepared solution. These
vessels were transferred to a microwave digestion system (CEM-MarsOne, CEM, Matthews, NC, USA) and heated
at 110 °C for 40 min, under a power of 600 W. After completion of the reaction, the vessels were allowed to cool
down to room temperature and the synthesized ZnO structures were cleaned by centrifugation at 3000 rpm for 3
min using deionized water and isopropanol, alternating solvents after each cycle. Finally, the produced particles
were dried under vacuum in a desiccator (VACUO-TEMP, J. P. Selecta, Barcelona, Spain) at 85 °C for 5 h.

2.2. Preparation of Polymer Matrices and ZnO@polymer Nanocomposites

The polymers used to produce the active layer of the energy harvesting devices (EHDs) were
polydimethylsiloxane (PDMS), which is composed of two parts: elastomer (Dow Corning, Michigan, USA) and
curing agent (Sylgard 184, Dow Corning, Freeland, MI, USA), and the cellulose derivatives sodium
carboxymethyl cellulose (CsH;sNaOs, average Mw ~ 250,000, degree of substitution 0.7, CAS: 9004-32-4) and
ethylcellulose (C20H330,1, extent of labeling: 48% ethoxyl, CAS: 9004-57-3) from Sigma-Aldrich (Massachusetts,
USA) hereafter referred to as CMC and EC. EC was dissolved in a mixture of 4-hydroxy-4-methyl-2-pentanone
(CsH1202; 99%; CAS: 123-42-2) from Sigma-Aldrich (Burlington, MA, USA) and absolute ethanol (C;HsOH,;
>99.9%; CAS: 64-17-5) from Carlo Erba (Emmendingen, Germany). For the production of the PDMS-based
devices, PDMS was prepared according to a procedure described in previous works [53,54]. The elastomer was
first mixed with the corresponding curing agent at a 10:1 weight ratio. After manual mixing, the mixture was
degassed in a desiccator for 30 min to remove air bubbles before proceeding with deposition.
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Regarding the preparation of the cellulose derivatives, a 3 wt.% CMC solution was prepared by mixing the
appropriate amount of the polymer with deionized water, which was kept under stirring for 24 h to yield a
homogeneous gel. The EC matrix was produced by mixing 5 wt.% EC with a 50:50 mixture of ethanol and 4-
hydroxy-4-methyl-2-pentanone with magnetic stirring for 24 h.

For the nanocomposites, hydrothermally synthesized ZnO nanorods were incorporated into a CMC matrix
(ZnO@CMC) or an EC matrix (ZnO@EC) at a previously optimized loading of 25 wt.%. This loading was selected
based on prior studies on energy harvesters, in which ZnO rods’ concentrations between 15 and 30 wt.% were
evaluated for ZnO particles dispersed in a PDMS polymeric matrix, with 25 wt.% yielding the highest output voltage
[53,55]. The ZnO-polymer mixtures were magnetically stirred for at least 24 h to obtain homogeneous blends.

2.3. Fabrication of the Energy Harvesting Devices

Commercial indium tin oxide-coated PET (PET/ITO) substrates (Kintec Company, Kowloon, Hong Kong)
with a resistivity of 60 Q-sq ' were used as electrodes and substrates to produce EHDs. Two types of paper
substrates were investigated as alternatives to the PET substrate: Whatman grade 1 chromatography paper
(Whatman International Ltd., Florham Park, NJ, USA), characterized by its high porosity and Navigator standard
paper (120 g'-m™2, The Navigator Company, Lisbon, Portugal), a low-porosity paper with a whitening treatment.

The fabrication of the EHDs is illustrated in Figure 1. Film deposition was performed on one side of the
PET/ITO or paper substrates using a K Control Coater (RK Print Coat Instruments, Royston, UK) with a wound
metal bar (K101 Bar No. 8 Blue/100 Micron). Films with 100 um wet thickness were produced, using a speed of
2 (approximately 0.6 m-min'). The deposited films were subsequently dried at 60 °C for 3 h. Polyimide tape
(DuPont, Delaware, USA) was used to assemble the electrodes on each side of the active layer and copper tape
(3M, Minnesota, USA) was placed on each electrode to facilitate the connection between the devices and the
oscilloscope used to evaluate their performance.
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Figure 1. Schematic representation of the fabrication approaches used to produce the two types of EHDs, both
incorporating a 100 um active layer, using either PET/ITO electrodes or screen-printed silver electrodes on each
side of a paper substrate. Image generated using ChatGPT (OpenAl, GPT-5.3) from prompts written by the author.

EHDs comprising a paper-based active layer sandwiched between screen-printed silver electrodes were also
produced, as presented in Figure 1. First, the paper substrates were subjected to an ultraviolet/ozone (UV/Os)
treatment to improve the adhesion of the silver ink to their surface. The UV/Os treatment was performed for 5 min
at room temperature using a PSD Pro Heated Series, PSDP-UVT Novascan system with emission wavelengths of
253.7 (90%) and 184.9 nm (10%) from Novascan Tech Inc. (Ames, IA, USA). Then, using a 120 T mesh with a
(2 % 4) cm? rectangular pattern, conductive electrodes were printed on each side of the paper substrates. The
electrodes were printed using the silver ink CRSN2442 from Suntronics (Sunchemical group, Parsippany-Troy
Hills, NJ, USA) and cured at 120 °C for 5 min on a hot plate.

Different active layers were tested in each configuration, as summarized in Table 1, along with other critical
experimental parameters for the production of the EHDs.

https://doi.org/10.53941/nc.2026.100006 4



Morais et al. Nanoenergy Commun. 2026, 1(1), 6

Table 1. Summary of critical experimental parameters for the EHDs produced herein.

Parameter Value/Range
Substrate None, Navigator paper (120 g-m?), Whatman paper
Polymeric matrix None, PDMS, CMC (3 wt.%), EC (5 wt.%)
Deposition method Bar coating (100 pm, 0.6 m'min"})
Coating thickness 100 pm
ZnO loading concentration 0 wt.%, 25 wt.%
Electrodes ITO on PET substrates, screen-printed silver
Polymeric matrices (PDMS, CMC or EC)
or
Composites (ZnO@CMC or ZnO@EC)
or
Paper substrates (Navigator or Whatman)
Active layer or

Paper substrates embedded with matrices
(Navigator or Whatman, with PDMS, CMC or EC)
or
Paper substrates embedded with composites
(Navigator or Whatman, with ZnO@CMC or ZnO@EC)

The morphological properties of the hydrothermally synthesized ZnO structures and EHDs were analysed by
scanning electron microscopy (SEM) using a TM3030Plus instrument (Hitachi, Tokyo, Japan). Images were
acquired in a mode combining signals from both secondary and backscattered electron detectors, with an
acceleration voltage of 15 kV. The dimensions of the ZnO rods (length and width) and the thickness of the paper-
based active layers were determined from SEM images with the ImagelJ software (version 1.53k). In addition, X-
ray diffraction (XRD) patterns of the ZnO rods were collected with a Malvern Panalytical X’Pert PRO MRD
diffractometer (Almelo, the Netherlands) equipped with Cu Ka radiation (A = 1.540598 A). Data were collected
over a 20 range of 20° to 80°, with a step size of 0.033° and a counting time of 35 s.

Zeta potential and conductivity measurements of 3 wt.% CMC and 5 wt.% EC solutions were performed
using an Anton Paar (Graz, Austria) Litesizer 701 instrument. Measurements were conducted at a controlled
temperature of 25 °C. Each sample was measured at least two times, and the reported values correspond to the
average of these measurements.

Capacitance measurements were performed using a Keysight (Keysight Technologies, Santa Rosa, CA, USA)
and a Cascade Microtech EPS 150 probe station (Cascade Microtech, Beaverton, OR, USA).

2.4. Electrical Characterization of the Devices

A home-made setup featuring a linear motor, similar to the one described by Rovisco et al. [54], was used to
generate periodic mechanical stimulus. The stimulus was applied at a frequency of 1 Hz, with an impact area of
0.3 cm? and the applied force was estimated to be approximately 10 N, using a commercial force-sensing resistor
(Ref. SEN05003, Interlink Electronics, Camarillo, CA, USA). The output voltage of the EHDs was measured with
a digital 50 MHz bandwidth oscilloscope (TBS1000C, Tektronix, Beaverton, OR, USA) and 10 MQ impedance
probes (10x voltage probe, TPP0100, Tektronix).

To estimate the power density and perform the stability study of the best-performing devices, a force of 30
N at a frequency of 2 Hz was applied using a homemade setup that generated cyclic compressions (impact area of
5 cm?). The output voltage to estimate the power density was measured across external load resistances ranging
from 1 and 110 MQ.

Data processing and statistical evaluation were performed in RStudio (version 2023.03.1). Group
comparisons were analysed using Dunn’s test, with a significance threshold set at a p-value of 0.05 or lower.

3. Results and Discussion
3.1. Morphological Characterization of the ZnO Rods

The ZnO rods produced herein by microwave-assisted hydrothermal synthesis were analyzed through XRD
and SEM to assess their crystallinity, morphology and average size. The XRD diffractogram of the synthesized
particles is presented in Figure 2a. The observed diffraction peaks are consistent with those reported in the ZnO
reference card (ICDD card #36-1451). In particular, the peaks at 31.8°, 34.4°, 36.3° and 56.6° are assigned to the
(100), (002), (101) and (110) lattice planes of the piezoelectric hexagonal wurtzite ZnO structure [56—58].
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Figure 2. (a) XRD pattern, (b) SEM image and (c) length and (d) diameter histograms of the hydrothermally
synthesized ZnO rods. The results presented in (¢,d) are based on a total count of 150 rods obtained using ImageJ

software. The black line shows the result of a Gaussian line fitting applied to the data.

Figure 2b presents an SEM image of the hydrothermally synthesized ZnO rods. It is possible to see that some
ZnO particles are aggregated, which might be related to energetic principles [59,60]. The distributions of the ZnO
rod’s length and diameter values are displayed in Figure 2¢,d. The distributions are approximately normal in both
dimensions, as indicated by the Gaussian line-fitting of the data. The average length of the ZnO rods is (3.97 +
1.59) um, while the average diameter is (440 + 168) nm, yielding an aspect ratio of approximately 9.

3.2. Morphological Characterization of the Papers and Papers with Embedded Matrices or Composites

Both the surface and cross-section topography of the paper substrates, either with or without an embedded
matrix, were investigated through SEM images, as shown in Figure 3.

Figure 3a,i present the Whatman paper without an embedded matrix, demonstrating its high porosity due to
the entangled fibers spaced apart and slightly loose, which leads to a high permeability [61]. In contrast, Figure
3e,m show Navigator paper without an embedded matrix, with evenly spread dots visible across the fiber surface.
These dots are probably calcium carbonate, which is added to the paper during its production, serving as a filler
that covers pores, a whitening agent and a surface-smoother [62—64]. As a result, the fibers are more tightly packed,
reducing the space between them. This leads to lower porosity and permeability compared to Whatman paper [65].
When embedded with CMC, both papers show slightly more connections between the fibers, which is promoted
by the dried CMC, as depicted in Figure 3b,f,j,n. In turn, upon embedding EC, both papers appear to become more
compact, as shown in Figure 3c,g,k,0. Due to PDMS’s higher viscosity compared to CMC and EC, PDMS was
significantly less embedded in both papers than the cellulose derivatives. As a result, the top view of the papers
with PDMS, Figure 3d,h, shows a concentrated polymeric layer, particularly on the deposition side of each
substrate. These observations are supported by the cross-section images presented in Figure 3Lp, where a
distinctive PDMS layer is evident atop both papers.

Figure 3q presents the average thickness values and standard deviations for papers with or without an
embedded matrix. Notably, a significant distinction emerges between the standard deviation values of Navigator
papers and those of Whatman papers. Navigator papers exhibit an average error (the ratio between the standard
deviation and the respective average) of 2%, in contrast to the 6 % seen in Whatman papers. This suggests
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Navigator’s thickness is notably more consistent than Whatman’s. A subtle reduction in thickness is observable
when comparing the paper without an embedded matrix (control paper substrate) to the papers with embedded
cellulose. For the Whatman paper, incorporation of cellulose derivatives resulted in an average thickness decrease
of 13 um (for EC) or 8 um (for CMC). In contrast, for the Navigator paper, the reduction averaged 6 pm (for EC)
and 5 pm (for CMC). This is supported by the SEM images, Figure 3c,g,k,0, where papers embedded with EC
appear more compact. Moreover, Whatman paper samples experienced a more pronounced thickness reduction,
likely due to their higher porosity and, consequently, a greater potential for pore reduction. Additionally, cellulose
derivatives were more readily embedded in Whatman paper, leading to a higher amount of CMC or EC within the
paper during drying, thereby inducing fiber contraction. Conversely, pristine Navigator paper already presents low
porosity, affording less room for pore reduction upon the introduction of cellulose derivatives. When comparing
the control papers with those containing PDMS as matrix, there is an increase in thickness from (133 £ 10) um
and (141 £2) pm to (153 = 6) um and (155 £ 2) um for Whatman and Navigator papers. This reaffirms the earlier
findings from the cross-section SEM images, Figure 31,p, underscoring that PDMS did not penetrate as effectively
into the papers as the cellulose derivatives did. Instead, the elastomer formed a top layer, augmenting the final
thickness of the samples.

Whatman g 8 Whatman CMC Whatman EC Whatman PDMS

Navigator. Navigator CMC Navigator EC Navigator PDMS

Whatman Whatman CM( Whatman EC Whatman PDMS

[ Whatman
[ Navigator

140
| ' i u

Navigator

Thickness (pm)

None CMC EC PDMS

Navigator E( Navigator PDMS

Type of embedded matrix

Figure 3. Morphological characterization of the paper-based active layers used to produce EHDs. (a—h) SEM surface
images. (i-p) Cross-section images. (q) Thickness of the papers with or without an embedded matrix. Each column
corresponds to an average of 10 measurements, and the error bars represent the corresponding standard deviation.

Regarding the nanocomposites, Supplementary Figure S1 presents images of the composites ZnO@CMC
and ZnO@EC embedded in Whatman and Navigator papers, as well as these composites deposited onto PET/ITO
substrates. Additionally, SEM analysis was performed on the paper substrates embedded with the composites to
evaluate the dispersion of the ZnO particles in the cellulose derivatives matrix, and the obtained images are
presented in Figure 4.
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Whatman paper
b)

Navigator paper

ZnO@CMC

ZnO@EC

Figure 4. SEM images of the surface and cross-section of Whatman (a—d) and Navigator paper (e-h) substrates
embedded with ZnO@CMC and ZnO@EC composites.

The SEM images reveal that the ZnO rods are more homogeneously dispersed within the CMC matrix
(Figure 4a,e), leading to a more uniform coverage of the paper substrates. In contrast, the ZnO@EC coatings on
both papers (Figure 4c,g) exhibit noticeable gaps, which may be attributed to the aggregates present in the
corresponding mixtures. The dispersion of ZnO rods within the polymer matrix dictates the density and distribution
of interfacial regions between the metal oxide particles and the polymer. These interfaces strongly influence charge
trapping, separation and transport [66]. Particularly, particle agglomerates have been reported to act as pathways
for charge transfer, providing more contact points with the polymeric matrix [66]. Cross-sectional images further
reveal that the composites are more uniformly embedded within the Whatman paper substrates (Figure 4b,d), likely
due to its higher porosity. Conversely, in the Navigator paper substrates the composites predominantly form a
surface coating rather than penetrating the fiber network (Figure 4f,h).

3.3. Electrical Characterization of Devices with PET/ITO Electrodes

As an initial step, multiple EHDs were manufactured using PET/ITO substrates to establish a baseline for
comparison with the additively manufactured EHDs. In these devices, the active layer comprised either the
polymeric matrix alone (CMC, EC or PDMS) or a paper substrate with or without an embedded matrix. Figure 5
illustrates the output peak-to-peak voltage of these devices. As the piezoelectric structures were absent, the
observed device output was attributed solely to the triboelectric effect at the interface between the active layer and
the electrodes.
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Figure 5. Peak-to-peak voltage response of EHDs featuring ITO electrodes in the absence of piezoelectric
structures. (a) No paper, only matrix (CMC, EC and PDMS). (b) Navigator paper containing an embedded matrix
(no matrix, CMC, EC, and PDMS). (¢) Whatman paper with embedded matrix (no matrix, CMC, EC and PDMS).
The significance levels are indicated by the number of stars as follows: * for p-value < 0.05, ** for p-value < 0.01,
*** for p-value < 0.001, and **** for p-value < 0.0001.

In the case of devices with only a cellulosic-derivative polymeric matrix (CMC or EC) between the
electrodes, as depicted in Figure 5a, no observable output is evident for each EHD type. This observation likely
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arises from electrode short-circuiting caused by the thin cellulosic layers deposited on top of the ITO electrodes.
In contrast, using PDMS as the active layer yields an average peak-to-peak voltage of around (0.49 + 0.19) V.
Thus, these results validate the proposed bar coating process as a scalable process to produce polymer-based EHDs.

Incorporating paper into the active layer resulted in higher peak-to-peak voltage values compared to devices
containing only a polymeric matrix between the ITO electrodes, as indicated in Figure 5b,c, which can be ascribed
to changes in the active layer thickness [67,68], roughness and higher compressibility [69—71]. Concerning devices
using Navigator paper as the active layer, it is noteworthy that EHDs with just paper exhibit significantly greater
output than those based on Navigator paper with a matrix (whether CMC, EC or PDMS), achieving a peak-to-peak
voltage of (1.88 = 0.06) V, with the difference being statistically significant. This higher output signal is associated
with the more textured surface of the paper substrates, when devoid of embedded matrices, amplifying the
triboelectric effect [72]. Furthermore, the fillers present in Navigator paper can also enhance this effect [73].
Regarding the cellulose derivatives-based EHDs, the preceding results (depicted in Figure 3) elucidate how the
integration of the polymeric matrices into Navigator paper leads to denser paper and reduced thickness. Lower
active layer thickness and surface area associated with lower capacity for compression through mechanical stimuli
yielded smaller outputs, a phenomenon also observed in the literature [74,75].

In the case of EHDs with Whatman paper in the active layer, those without an embedded matrix exhibit
comparable performance to those with an embedded CMC matrix, as depicted in Figure 5c, yielding outputs of
(1.60 £ 0.14) V and (1.55 £ 0.27) V, respectively. The earlier findings (Figure 3) demonstrate that, with CMC, the
thickness of the Whatman paper undergoes a slight reduction while porosity remains largely unaffected. Thus, the
paper retains its porosity and surface roughness, facilitating the induction of triboelectric charges [76]. The CMC-
based devices’ performance significantly outperforms that of those based on EC or PDMS embedded in Whatman
paper. EC notably reduces Whatman paper thickness, while PDMS imparts surface smoothing to the paper; both
factors likely contribute to diminishing the triboelectric effect for the respective EHDs [75,77]. In addition to
thickness-related effects, differences in EHD output can also be attributed to variations in the chemical structure
of the cellulose derivatives. In particular, the presence of distinct functional groups introduced through cellulose
derivatization, such as ester, carboxyl, or siloxane moieties, has been reported to influence the polymer’s tendency
to gain or lose electrons, thereby affecting its triboelectric behavior [71,78].

When comparing the peak-to-peak voltages of EHDs comprising each paper type, the highest value is
obtained with Navigator paper without an embedded matrix as the active layer. As for the devices based on papers
with an embedded matrix, EHDs with a CMC matrix embedded in Whatman paper exhibited notably higher output
than those composed of Navigator paper with an embedded CMC, EC or PDMS matrix. These results indicate that
PDMS could potentially be substituted by a cellulose-based matrix without substantial performance loss, or even
with enhancement, as seen with CMC embedded in Whatman paper.

As the EHDs based on papers with CMC and EC presented performances comparable to that of PDMS-based
devices, ZnO nanostructures were incorporated into these cellulose derivative mixtures and embedded into
Whatman and Navigator paper. The goal was to enhance the devices’ performance by combining the triboelectric
effect, responsible for the results presented in Figure 5 with the improved performance associated with the
incorporation of ZnO particles. The performance enhancement is attributed to (i) increased triboelectric charge
generation associated with the high surface area of ZnO, (ii) charge trapping at the ZnO—polymer interfaces, and
(iii) the intrinsic piezoelectric properties of this metal oxide [14,79]. To enable the comparison between devices
with and without ZnO particles, the peak-to-peak voltage of devices based on cellulose-derivatives matrices (CMC
or EC), either alone between the electrodes or incorporated into Navigator or Whatman paper, is presented again in
Figure 6a. The peak-to-peak voltage of EHDs with active layers composed of either CMC or EC and ZnO composites
sandwiched between PET/ITO electrodes or embedded into Navigator or Whatman paper is presented in Figure 6b.

In the devices with the polymeric cellulosic matrices sandwiched between the PET/ITO electrodes, the
presence of ZnO significantly improved the output, as both CMC and EC-based devices showed an electrical
response in the presence of ZnO, unlike what happened in its absence. The addition of ZnO to the matrices made
the composite more viscous, resulting in a thicker layer and improved isolation of both electrodes, thereby
preventing short-circuiting. It is worth noting that the output of EC-based devices increased twofold, revealing the
fundamental role of ZnO in the EHDs response. This enhancement is attributed to the intrinsic piezoelectric
properties of ZnO, together with its contribution to the triboelectric effect and charge trapping phenomena
occurring at the ZnO—cellulose derivative interfaces [17,80].
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Figure 6. Output voltage values of EHDs with ITO electrodes, comparing configurations with and without ZnO
particles. (a) EHDs without ZnO rods. (b) EHDs with ZnO rods. (¢) Capacitance measurements of the different
polymeric layers and corresponding composites. (d) Voltage output for the EHD with Whatman paper with
embedded ZnO@EC. The significance levels are indicated by the number of stars as follows: * for p-value < 0.05,
** for p-value < 0.01, *** for p-value < 0.001, and **** for p-value < 0.0001.

Devices incorporating polymer-embedded Whatman or Navigator paper demonstrated a slight improvement
in peak-to-peak voltage when compared to configurations without paper. In EHDs with Navigator paper with
embedded CMC, the presence of ZnO rods did not seem to have a significant impact on the output. Conversely,
the addition of ZnO to EC significantly improved the performance of the EHDs, as evidenced by peak-to-peak
output voltage increases of 380% for Navigator-based devices and 454% for EHDs with Whatman paper.

Whatman and Navigator paper-based EHDs incorporating ZnO@EC composites exhibited higher peak-to-
peak voltages than the devices based on ZnO@CMC composites, likely due to the anionic nature of CMC. To
further investigate this effect, zeta potential measurements were performed on 3 wt.% CMC and 5 wt.% EC
solutions. A zeta potential of (—42.65 + 1.65) mV was obtained for CMC, whereas a value of (1.7 = 0.2) mV was
measured for EC. CMC is obtained by substituting hydroxyl groups on the cellulose backbone with carboxymethyl
groups, which can ionize in solution to form negatively charged carboxylate groups. These negatively charged
species, reflected in the measured zeta potential, may partially screen the piezoelectric charges generated during
compression, thereby reducing the output voltage of the EHDs [71,78,81,82].

Additionally, the superior performance of the ZnO@EC devices may be related to the way the ZnO particles
disperse within each matrix. These hydrothermally synthesized metal oxide particles are hydrophilic and therefore
disperse more easily in CMC, which contains hydroxyl groups [83,84]. In EC, the ZnO particles do not disperse
homogeneously and tend to form more aggregates, as evidenced by the SEM images of Figure 4¢,g. This can also
explain the higher decrease in capacitance values with the inclusion of ZnO for CMC devices (Figure 6c¢),
for which capacitance was reduced to around half, when compared to EC-based devices, for which capacitance
did not decrease nearly as much. CMC polymer chains strongly bind to the ZnO surface, forming a more
rigid interfacial layer in which dipoles are not able to readily rotate under an electric field, thereby reducing
polarization [85]. For EC, weak electrostatic interaction with ZnO leads to interfacial dipoles that can still respond
to the electric field. Since lower capacitance is associated to higher voltage generation (for the same generated
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charge), and the capacitance for devices with ZnO@CMC is comparable, and in some cases even lower, than for
devices with EC (e.g., for Navigator paper), the lower voltage generation in ZnO@CMC seems be attributed to
the charge screening taking place in CMC (large zeta potential), whereas for EC higher voltage outputs can be
achieved. Without ZnO, the higher capacitance of CMC than EC, can be explained by their dielectric constant
(5.3-5.7 [81] to 2-2.3 [86]), as the thickness is similar. In sum, the EHD with ITO electrodes with the
best performance was based on ZnO@EC embedded on Whatman paper, with an average peak-to-peak voltage of
(3.5£0.8) V. An example of the output of such class of EHDs can be seen in Figure 6d, with a positive and negative
peak clearly distinguishable, corresponding to the pushing and releasing, respectively. This class of EHDs could reach
a peak-to-peak voltage of 7.4 V through finger tapping. For this device, the effective device d3; was estimated using
Equation (1), which relates the generated charge and the applied force.

d33 = F = T (1)
A value of d33 = 0.6 pC-N ! was obtained, considering an average voltage amplitude of 3.5 V under an applied
force of 10 N, and a capacitance of 1.65 pF corresponding to the 0.3 cm? area in which the stress is applied (the
full device presented a capacitance of 22 pF over a 4 cm? area).
The effective piezoelectric coefficient is significantly lower than the intrinsic value for ZnO nanorods (~9
pC-N! [54]), which can be attributed to the low volumetric fraction of ZnO in the composite, the random
orientation of the nanostructures and charge screening effects within the composite matrix.

3.4. Electrical Characterization of Devices with Silver Printed Electrodes

Pursuing the goal of producing functional and fully additively manufactured EHDs, silver electrodes were
printed on both papers, Navigator and Whatman, and different combinations of said papers without an embedded
matrix, with an embedded cellulose matrix (CMC or EC), or with embedded composites (ZnO@CMC, or
ZnO@EC) were tested. The results are shown in Figure 7.
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Figure 7. Output of the EHDs with printed silver electrodes (a) EHDs without an embedded matrix. (b) EHDs with
embedded cellulose matrices. (¢) EHDs with embedded composites. The significance levels are indicated by the
number of stars as follows: * for p-value < 0.05, ** for p-value < 0.01, *** for p-value < 0.001, and **** for
p-value < 0.0001.

EHDs with only paper exhibited small peak-to-peak voltages, between 0.08 V and 0.16 V. In the absence of
piezoelectric structures in their composition, the output of these devices can be solely attributed to the triboelectric
effect, which is limited since the electrodes are printed on both surfaces of the paper. The new EHD architecture
limits the separation of the device’s components during mechanical stimulation, resulting in low output [87,88].
Nevertheless, EHDs with Whatman paper presented a slightly higher output, which is attributed to this paper’s
higher porosity and, thus, greater ability to induce charges during compression [75,77].

Embedding the papers with EC produced no significant change in the output voltage compared to the EHDs
composed of pristine counterparts and no significant differences were observed between EC embedded in
Navigator or Whatman paper. In contrast, embedding either paper with CMC resulted in no detectable output
signal. To further investigate whether this effect could be attributed to a low CMC coating thickness, EHDs were
fabricated by coating a 200 um CMC layer on both Whatman and Navigator paper and then screen-printing silver
electrodes on each side of the substrates. However, no output signal was observed. As such, the absence of
electrical output of the CMC/Ag devices may be attributed not just to the polymeric layer thickness but also to the
conductivity of the CMC solution (4.138 mS-cm™"), as determined from the zeta potential measurements, which is
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significantly higher than that of the EC solution (0.025 mS-cm™!). Furthermore, the hygroscopic nature of CMC
further promotes the ionic conductivity of the polymeric matrix [89,90]. The higher conductivity of the CMC
system may promote charge leakage or screening effects, thereby preventing effective charge accumulation and
reducing the measurable output signal.

Regarding the inclusion of ZnO particles, the addition of this metal oxide seems to have contributed to the
performance enhancement, due to its piezoelectric properties, or the combination of both piezo and triboelectric
phenomena [17,80]. There are no statistically significant differences between the two papers and the two types of
ZnO composites. Nevertheless, the highest output among the cellulose derivatives-based EHDs was recorded for
the configuration employing Whatman paper combined with ZnO@EC composites, which presented a peak-to-
peak voltage value of (0.29 + 0.01) V.

3.5. Stability and Electrical Output Performance of the ZnO@EC-Based Devices

Considering the results presented above, the EHDs based on Whatman and Navigator papers incorporating
ZnO@EC composites and sandwiched between two PET/ITO electrodes were identified as the best-performing
devices. To evaluate the long-term stability of these devices, 5000 continuous operating cycles, under an applied
force of 30 N and 2 Hz, using a contact area of 5 cm?, were recorded. As illustrated in Supplementary Figure S2,
the nanogenerators maintained a generally stable performance even after exceeding 5000 cycles. The presented
results highlight the stability of the ZnO@EC-based devices, as no significant changes in the output voltage are
observed even after 5000 compression cycles, demonstrating their robustness and reliability. This behavior
underscores the potential of these harvesters to operate continuously under repeated mechanical stimuli, which is
essential for practical applications in energy harvesting and self-powered sensing systems.

To further assess the electrical performance of the harvesters, the voltage, current and power density
generated by the ZnO@EC-based devices were evaluated as a function of load resistance (1 to 110 MQ) under an
applied force of 30 N, as shown in Figure 8.

The output voltage increases with increasing load resistance, whereas the current shows the opposite trend
for both device types. In terms of power density, the Whatman ZnO@EC devices reach a maximum value of
0.25 uW-cm 2 at a load resistance of 22 MQ. In contrast, devices based on ZnO@EC composites embedded in
Navigator paper achieve a lower maximum power density of 0.045 uW-cm™2 at 10 MQ. These findings further
support previous observations, demonstrating that despite coating the substrates with the same ZnO@EC
composite, device performance varies depending on the paper substrate, suggesting that differences in paper
structure and composite integration influence the electromechanical response of the EHDs.

To better contextualize the performance of the developed devices, a comparison of representative ZnO-based
nanogenerators reported in the literature, including the metal oxide synthesis process, device fabrication
approaches and composing materials, as well as electrical output and power density values, is presented in Table 2.

Although the peak-to-peak voltage obtained for the two architectures tested is lower than those reported in
the literature and still has room for improvement, the presented results pave the way for the development of more
sustainable energy-harvesting devices. Regarding power density, the obtained values are lower than those reported
in the literature, which can be attributed to the specific device architecture and operating conditions. It is also
important to note that direct comparison between the devices listed in Table 2 is limited, as they were evaluated
under different applied forces and device dimensions. Nevertheless, some general observations regarding device
performance can still be drawn. In the tests performed with an active layer sandwiched between PET/ITO
electrodes, the high output of paper-only devices was notable, due to the roughness of these materials [72,75].
However, Whatman, with embedded CMC presented an output voltage similar to the pristine paper, which was
superior to the results obtained with PDMS. These results demonstrate the potential to replace this elastomer with
more sustainable alternatives, such as cellulose derivatives or other nature-derived polymers. In addition, there
was a significant increase in response upon inclusion of ZnO particles in the active layer, with peak-to-peak
voltages equal to (3.5 = 0.8) V being observed for devices based on ZnO@EC nanocomposites embedded in
Whatman paper. Regarding EHDs based on paper substrates embedded in cellulose derivatives or nanocomposites
with screen-printed electrodes, the obtained electrical output remains relatively low, highlighting the need to refine
the harvester architecture and material interfaces. Furthermore, the development of multilayered devices should
also be considered, as the use of different materials can enhance the triboelectric effect [88,91]. Still noteworthy are
the additively manufactured EHDs with ZnO@EC nanocomposites, which exhibited a voltage of (0.29 + 0.01) V,
demonstrating the potential of these devices. Furthermore, the devices developed in this work offer several
advantages, including simple and scalable fabrication process based on microwave-assisted hydrothermal
synthesis and bar coating, as well as the incorporation of one-dimensional ZnO structures, which distinguishes
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them from other reported devices and facilitates efficient integration into paper-based substrates. This approach
provides a viable route toward multifunctional, eco-friendly paper-based platforms for flexible electronics that
integrate energy harvesting, sensing, actuation, and electronic interfacing, with paper serving as both substrate and

active layer.
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Table 2. Comparison of ZnO-based nanogenerators reported in the literature, including ZnO morphology and

loading, synthesis method, device fabrication process and composing materials, voltage, and power density.

ZnO (Shape and

ZnO Synthesis

Active Layer

Device Production

Loading) Process Polymer Substrate Process Voltage Power Density Ref.
Nanoparticles Hydrothermal method CRC (e(illze%szll:;]t\i/[ci) One-pot method (ég x) 0.731 pW-ecm™?  [92]
Na(r;ogvirg/iuc)les N/A (purchased) CA CA, ecoflex Casting method 282.8V 60 pW-cm™> [13]
Na“(‘(’)l?lar;i)des Sol-gel HPMC HPMC, PTFE Spin coating 398V 23 pW-em?  [14]
Nanoparticles | ;Zr‘r’r';tfgmcess CNF CNF, PDMS Tp‘:’:cesgp flr‘g:;:t;eyrfggl 256V ; [47]
Nanoparticles hy drogl‘;cr’r;ztlegrocess CNF PVDF Electrospinning E ‘: éSN\; 156 pW-em™2  [93]
Nanoparticles N/A (purchased) ?;Tflelf)i:; Igﬁa;tf;jlézla;zg?;gz%) Physical blending (%'.150;1/) [6]
Nanoparticles hydrotg:ri;lztfgrocess (3C\Ef\t1.1:A)) CI\I(I;IFC’Z}I)};?:IT;?S;)"IPC On:r;(sitzglg};gzgil;?al (SSf)lN\; 1941
One- and two-
f;i:r;i?ﬁzls hydro tgerzlr;jf f)ne thod /CCI\}IFVIS\:QCVIJT; ) PVDF Electrospinning 195V 2.62uW-cm?  [95]

Rods (25 wt.%) Microsv}\//;i:/he‘;;sssisted g \]::vtc% ) Whatman paper Bar coating (313 I}I/) 0.25 uW-cm vTvgilsc
Rods (25 wt.%) Micros\;lszlhe(;:isssisted % ‘I)EVS% ) Navigator paper Bar coating (313 III,) 0.045 pW-cm™> \2:2;]8(
CRC: Cross-linked regenerated cellulose, CA: Cellulose acetate, HPMC: Hydroxypropyl methylcellulose, PTFE:

Polytetrafluoroethylene, CNF: Cellulose nanofibril, C-MWCNTs: Carboxyl-functionalized multi-walled carbon nanotubes.
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4. Conclusions

A sustainable approach for the development of piezoelectric energy harvesters was proposed. Devices with
two architectures were developed using paper as the active layer; namely, one architecture was based on an active
layer sandwiched between indium tin oxide-coated polyethylene terephthalate (PET/ITO) electrodes, whereas the
other relied on conductive electrodes being screen printed on both sides of this layer. The performance of devices
comprising only paper substrates (Whatman and Navigator) and paper substrates embedded with cellulose
derivatives was studied and compared to that of devices with paper embedded with the commonly used
polydimethylsiloxane (PDMS). Paper substrates yielded high peak-to-peak voltages derived from their rough
surfaces. Embedding Whatman paper with cellulose derivatives, namely carboxymethyl cellulose, led to an output
voltage of (1.55 + 0.27) V, which was comparable to that of PDMS, (1.60 + 0.14) V, highlighting the possibility
of replacing this petroleum-derived polymer with more sustainable materials. The incorporation of hydrothermally
synthesized zinc oxide (ZnO) particles was essential to improve the performance of the harvesters, with a
maximum peak-to-peak voltage, under an impact force of 10 N of (3.5 + 0.8) V being achieved with the Whatman
paper embedded with ZnO/ethylcellulose composites sandwiched between PET/ITO electrodes. Regarding the
devices produced by additive manufacturing, the same active layer yielded an output voltage of (0.29 + 0.01) V.
These results indicate that the tested materials can be incorporated into a layered device in order to increase the
final peak-to-peak voltage of the energy harvester. This device can then be easily integrated into a paper-based
multifunctional platform, supporting the development of greener electronics.

Supplementary Materials

The additional data and information can be downloaded at: https://media.sciltp.com/articles/others/
2603310852389425/NC-26010026-SM.pdf. Figure S1. Images of the (2 x 2) cm? substrates with embedded
composites explored to produce EHDs. Whatman paper embedded with (a) ZnO@CMC and (b) ZnO@EC.
Navigator paper with embedded (¢) ZnO@CMC and (d) ZnO@EC. PET/ITO substrate with (¢) ZnO@CMC and
(f) ZnO@EC. Figure S2. Output voltage of devices based on ZnO@EC composites embedded in (a) Whatman and
(b) Navigator paper substrates over 5000 compression cycles at 30 N and 2 Hz (area = 5 cm?).
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