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ABSTRACT
Biomolecules can form micro- and nanoscale structures with unique physicochemical properties. These structures tend to grow randomly in solution or on
a substrate, and the lack of orientation control stems from a limited understanding of the self-assembly process, hindering their applications. Here, we
achieve aligned, uniform nanorod arrays of aromatic amino acids via an electric-field-assisted physical vapor deposition process. The electric driving force
and non-covalent intermolecular interactions work synergistically in biomolecular self-assembly. The vapor-deposition angle controls the stacking
direction of tyrosine, phenylalanine, and levodopa, and a dynamic transition from vertical columnar crystals to horizontal needle-like epitaxial growth is
observed. The good mechanical properties and piezoelectric response enable the fabrication of piezoelectric nanogenerators for environmental energy
harvesting. The present work provides a new direction for the controlled growth of smart biomaterials and promotes their practical applications.
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1 Introduction
Supramolecular self-assembly of organic molecules has

garnered significant attention in the field of smart materials, in

which small molecules such as peptides or amino acids

spontaneously form ordered structures via non-covalent

interactions[1-15]. In recent years, amino acids have emerged as

promising biological and biomimetic materials due to their low

cost, ease of fabrication, and biodegradability [16-20]. Their

thermal stability, mechanical rigidity, and piezoelectric properties

endow them with broad application prospects[21-29]. However,

fundamental questions regarding the controlled self-assembly of

amino acids remain unresolved, particularly those concerning the

formation of uniform, oriented nanostructures with enhanced

properties.

The solution-based method is the most widely adopted

strategy for supramolecular self-assembly and has yielded various

nanostructures from different materials [30-35]. However, the

variation in the morphology of the nanostructures in solution and

the inevitable defects introduced by the low-temperature process

remain a challenge [36]. Physical vapor deposition (PVD) offers a

viable approach for controlled material fabrication under vacuum

at elevated temperatures, enabling the production of nanomaterials

with high crystallinity and few defects[37-39]. However, studies on

PVD-grown amino acid crystals remain relatively scarce, and a

lack of understanding of their growth mechanisms hinders the

further development of amino acid-based nanomaterials.

Inspired by a modified Stranski-Krastanov (S-K) growth

mechanism for biomolecule self-assemblies [40], we developed an

effective growth strategy for uniform nanowire arrays. By

modulating the substrate temperature, deposition angle, and in-situ

electric field, we achieved controllable fabrication of large-area,

highly oriented aromatic amino acid arrays with improved

properties. Hirshfeld surface analysis and density functional theory

(DFT) calculations revealed a synergistic effect of intermolecular

interactions during assembly. We proposed a hybrid growth

mechanism to elucidate the dynamic transition from vertical

columnar nuclei to horizontal needle-like epitaxial structures (Fig.

1a). The amino acid arrays exhibited excellent mechanical

properties and piezoelectric characteristics, and nanogenerators

were thus constructed from L-Tyr arrays, demonstrating their
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potential for device applications.
2 Experimental

Materials. L-Phenylalanine (L-Phe), L-tyrosine (L-Tyr),

L-Tryptophan(L-Trp), and L-DOPA (purity: 99%) were purchased

from Aladdin Reagent Co., Ltd. (Shanghai, China). Ethanol (EtOH)

was obtained from Sinopharm Chemical Reagent Co., Ltd. (China).

All materials were used directly without further purification.

Deionized water was prepared using a water purification system

(Sartorius Smart-N Ultra-Water System; Sartorius AG, Göttingen,

Germany).

Fabrication of Aromatic Amino Acid Arrays. L-Phe, L-Tyr,
L-Trp, and L-DOPA powders were weighed and placed in a

custom-designed PVD system. Silicon wafers (1 cm × 1 cm) were

used as substrates, with their height and tilting angle relative to the

heating source adjustable. The sample stage was electrically

insulated and negatively biased during deposition. The distance

between the source furnace and the sample stage was fixed at 5 cm,

establishing a directional electric field between them. The detailed

experimental parameters are summarized in Table S3. When the

vacuum level reached 5 × 10⁻ ⁵ Pa, the system was heated to a

preset temperature and maintained for a specific period. The

aromatic amino acids underwent sublimation and deposited onto

the substrates, completing the self-assembly process. Large-area

aromatic amino acid arrays were formed on the substrate.

Fabrication of Nanogenerators Based on L-Tyr Arrays. A
silver film was uniformly deposited on a silicon substrate via

magnetron sputtering. L-Tyr crystal arrays were directly grown on

the silver electrode surface via PVD. A PDMS protective layer was

spin-coated onto the array surface. Another silicon wafer coated

with a silver layer was used as the top cover plate. The edges were

sealed with Kapton tape, completing the fabrication of a

nanogenerator.

Characterization. A field-emission SEM (SU-8600) was

used to examine the morphology of the aromatic amino acid array,

producing top-view and cross-sectional SEM images. The crystal

structure of the aromatic amino acid array was studied by XRD

(D8 DISCOVER) using Cu target radiation. The molecular

structures of the samples were investigated using a

Fourier-transform infrared (FT-IR) spectrometer (Thermo Fisher

Scientific, Nicolet iS50). The thermal degradation behavior of the

aromatic amino acid was evaluated by thermogravimetric analysis

(Netzsch STA449F5) under an air atmosphere at a heating rate of

10°C·min⁻ ¹. The elastic modulus of tyrosine crystals was

measured using nanoindentation with an atomic force microscope

(Cypher ES), and the piezoelectric effect was measured using

piezoresponse force microscopy (PFM). Scanning Kelvin Probe

Microscopy (SKPM) was used to eliminate the influence of

substrate, background, and tip static charges on the intrinsic

piezoelectricity. The nanogenerator's performance was measured

using an electrometer (Keithley 6517b). To reduce possible

triboelectric interference during nanogenerator testing, a thin

aluminum layer was introduced into the device structure as a

shielding layer to effectively dissipate friction-induced charges

generated during the measurement process.

3 Results and discussion
Under vacuum conditions, aromatic amino acids were

sublimated and deposited onto Ag-coated silicon substrates (Fig.

1a). The amino acids selected in this study, L-Phe, L-Tyr, and

L-DOPA, share similar chemical structures (Fig. 1b), and their

different number of hydroxyl groups on the aromatic ring enable

the investigation of the influence of the molecular structure and

non-covalent bonding on the self-assembly process. SEM images

show distinct morphologies of the film from a prolonged PVD

process of three amino acids (Fig. S1). Although the number of

functional groups and the relative contributions of noncovalent

interactions play important roles in array growth, a deeper

understanding of the structure–morphology relationship still

requires further theoretical calculations and analysis, because this

process is closely related to molecular orientation, packing,

hydrogen-bonding interactions, and the cooperative or competitive

effects of multiple weak interactions in three-dimensional

space[41]. However, all three aromatic amino acids formed similar

columnar structures during the early stages of self-assembly (Fig.

1c–e). Top-view SEM images showed fine, uniformly distributed

nanowires arranged in a dense, ordered manner, indicating strong

intermolecular interactions during deposition. Cross-sectional SEM

images further confirmed the vertically aligned, uniform columnar

architecture of the amino acid self-assemblies, indicating a

pronounced directional growth during deposition.

As shown in Fig. 2a–c, the XRD patterns agree with the

crystal structures of L-Phe, L-Tyr, and L-DOPA. To further

investigate the molecular structural features, the bonding states of

the three amino acids were analyzed using FT-IR spectroscopy. The

characteristic peaks at 1455 cm⁻ ¹ and 1603 cm⁻ ¹ are attributed

to aromatic skeletal vibrations (Fig. 2d–f). The absorption peak at

530 cm⁻ ¹ indicates the presence of carboxyl groups (–COOH),

while the broad absorption band around 3250 cm⁻ ¹ confirms the

existence of amino groups (–NH₂) and the formation of

intermolecular hydrogen bonds. Hydrogen bonding plays a critical

role in the self-assembly of molecules, stabilizing the molecule

stacking and facilitating the formation of ordered structures. It is

noteworthy that the PVD process temperature is precisely
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controlled to prevent

Figure 1. Growth processes, morphologies, and crystal structures of self-assemblies of aromatic amino acids and their derivatives. (a) Schematic illustration of the

growth of aromatic amino acid arrays via PVD. (b) Chemical structures of L-Phe, L-Tyr, and L-DOPA. (c–e) SEM images of assembled structures of (c) L-Phe, (d)

L-Tyr, and (e) L-DOPA. (f–h) Crystal structures of (f) L-Phe, (g) L-Tyr, and (h) L-DOPA. Color code: gray, C; dark blue, N; red, O.

Figure 2. Structure characterization of self-assemblies of aromatic amino acids and their derivatives via PVD. (a–c) XRD patterns of nanowire arrays of (a) L-Phe, (b)

L-Tyr, and (c) L-DOPA. (d–f) FT-IR spectra of nanowire arrays of (d) L-Phe, (e) L-Tyr, and (f) L-DOPA. (e, f) Magnified views of the FT-IR spectra of nanowire

arrays. (g–i) 2D fingerprint plots of nanowire arrays of (g) L-Phe, (h) L-Tyr, and (i) L-DOPA. The percentage of the O-H interaction is also provided.

thermal decomposition of amino acids and to preserve their

chemical stability.

We performed Hirshfeld surface analysis using DFT to

investigate the critical role of non-covalent interactions, such as

hydrogen bonding, van der Waals forces, and π–π stacking, in the

self-assembly process. The two-dimensional fingerprint plots with

the normalized contact distance (d ₒᵣ ) visualize the distribution

and strength of various intermolecular interactions, as shown in
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Fig.2g-i. L-Phe, which lacks hydroxyl groups on the benzene ring,

exhibits fewer O–H interactions (34.8% of the total interaction)

than L-Tyr (40.2%). In contrast, L-DOPA molecules have even

more hydroxyl groups and exhibit stronger O–H interactions

(53.1%), indicating that hydrogen bonding serves as the dominant

driving force in its self-assembly. The proportions of C–H

interactions for L-Phe, L-Tyr, and L-DOPA are 19.0%, 17.7%, and

18.2%, respectively.These interactions involve C–H···π bonding

and also play an essential role in molecular self-assembly (Fig.

S2–S4). The π–π stacking mediated by the conjugated π systems of

the benzene rings synergizes with hydrogen bonding to promote

ordered molecular alignment and facilitate the formation of stable

self-assembled structures.

The PVD temperature and deposition angle play crucial roles

in crystal nucleation and growth, and L-Tyr arrays self-assembled

at different substrate temperatures and tilting angles were

investigated. The substrate was first mounted with its surface

facing the heating crucible, and we refer to this as a 90° deposition

angle. As shown in Fig. 3a, dense columnar structures are formed

at a temperature as low as 40 °C. As the substrate temperature

increases, needle-like structures start to form in the horizontal

direction (Fig. 3b). When the temperature is raised to 80 °C, a large

number of needle-shaped structures are found (Fig. 3c). The

transition from vertical growth of nanowires to lateral growth of

much larger needle-like structures is likely due to the

temperature-dependent surface mobility of L-Tyr molecules. At

lower temperatures, the strong intermolecular interactions (e.g.,

hydrogen bonding and π–π interactions) and low molecular

mobility favor the local self-assembly of nanowires. In comparison,

molecules can migrate long distances at high temperatures, and the

formation of large, laterally oriented need-like structures becomes

possible.

The deposition angle was found to influence the self-assembly

behavior. As shown in Fig. 3d, at a deposition angle of 90°, L-Tyr

forms a dense, uniform, and aligned nanowire film on the substrate.

When the deposition angle was reduced to 45° (Fig. 3e), the

columnar structures became shorter and tilted, losing their vertical

alignment. Top-view observations revealed an increased spacing

between nanowires compared to the film deposited at 90°, which

may be attributed to the expanded diffusion range of molecules

under oblique deposition, thereby reducing local aggregation.

When the deposition angle was 0° (Fig. 3f), the film became flatter,

with nanowires oriented primarily parallel to the substrate surface,

yielding more homogeneous, smoother thin films. The influence of

deposition angle on the morphology of aromatic amino acid

self-assembly can be explained by the "shadow effect". During

non-vertical deposition, certain regions are shadowed and cannot

receive incoming molecules, leading to significant changes in the

final deposited morphology.

Electric fields were applied during the PVD process, and their

effects on amino acid self-assembly were examined. As a

zwitterionic molecule, L-Tyr possesses a positively charged amino

group and negatively charged carboxyl and hydroxyl groups.

Consequently, L-Tyr molecules respond to the external electric

field during self-assembly. Under a positive electric field

perpendicular to the substrate surface, the positively charged amino

groups tend to be exposed on the top surface. In the absence of an

electric field, L-Tyr molecules can form a relatively uniform and

dense nanostructure with random orientation. However, when a DC

bias of 1 kV is applied under the same PVD conditions, partial

snowflake-like structures begin to appear, indicating that the

external electric field already induces directional modulation of the

Figure 3. Effects of the substrate temperature and deposition angle on the self-assembly of L-Tyr. Top-view SEM images of L-Tyr deposited on substates at (a) 40 °C,

(b) 60 °C, and (c) 80 °C; Cross-sectional view (Left) and Top view (Right) SEM images of L-Tyr deposited at different angles of (d) 90°, (e) 45°, and (f) 0°.

Ju
st

 A
cc

ep
te

d



ISSN 1998-0124 CN 11-5974/O4
2 https://doi.org/10.26599/NR.2026.94908745

R
es
ea
rc
h
Ar
tic
le

Figure 4. Self-assembly mechanism of L-Tyr via physical vapor deposition. (a–c) Molecular packing process of L-Tyr. (d–g) Top-view SEM images of L-Tyr

self-assemblies at different growth stages. (h–k) Schematic diagram showing the simulated growth of L-Tyr corresponding to images in (d-g).

self-assembly process. As the applied bias is further increased to 2

kV, the morphology of L-Tyr undergoes a much more pronounced

transformation, and a large number of radially symmetric

structures with distinct directional features emerge, resembling

snowflake- or stellate-like patterns (Fig. S5). The polar molecules

tend to align with the electric field, and the driving force is strong

enough to overcome thermal fluctuations and facilitate directional

growth. The combined effect of intermolecular interactions

governs self-assembly behavior, and how exactly the electric force

affects the nucleation and crystal growth processes is worth further

investigation.

We carefully investigated the different PVD stages of L-Tyr

and the effects of growth parameters on self-assembled nanowires.

We proposed a hybrid mechanism combining Stranski-Krastanov

(SK) and Vollmer-Weber (VW) growth, which was also confirmed

in the growth of other amino acids, such as L-Phe and L-DOPA

(Figure 4). As shown in Fig. 4a–c, during the PVD process, L-Tyr

molecules are vaporized and transported to the substrate. They then

adsorb onto the substrate surface through intermolecular

interactions such as hydrogen bonding and π–π stacking, gradually

accumulating to form an initial molecular layer. The molecules

stack in an orderly manner to match the substrate at the expense of

elastic deformation energy. When the elastic strain exceeds the

adhesion forces within the stacked-molecule layer, islands form,

following the S-K growth model (Fig. 4d, 4h).

The incoming molecule adsorbs onto these islands, initiating

homoepitaxial growth (Fig. 4e, 4i). As deposition proceeds,

molecules aggregate directionally via hydrogen bonding and π–π

interactions, gradually forming vertically aligned columnar

structures that correspond to the Wulff construction. This growth

direction is determined by the direction of incoming molecules, as

confirmed in Fig. 3. In the later self-assembly stage, the substrate

effect is negligible. Vertical growth slows, while a new nucleus

forms on the top surface and begins to grow laterally in random

directions (Fig. 4f, 4j). Owing to surface energy anisotropy, the

orientation of aromatic rings favors specific crystal facets with

lower energy and higher stability, promoting preferential extension

of the needle-like tips along high surface energy directions (Fig. 4g,

4k), closely following a V-W growth mechanism.

Atomic force microscopy (AFM) nanoindentation was

employed to investigate the influence of molecular packing on the

mechanical properties of amino acid crystals. The microcantilever

probe was positioned on the crystal surface and brought into

contact with the sample, with an indentation depth of less than 15

nm, then immediately retracted. At the same time,

force-displacement data were recorded synchronously during

loading and unloading. The unloading curve was fitted using the

Hertz contact model, yielding a Young's modulus of 16.96 ± 0.05

GPa in the thickness direction for L-Tyr (Fig. 5a), indicating

excellent mechanical properties. This result shows strong

agreement with DFT calculations (Table S1), demonstrating that

the assembly formed through π–π stacking and hydrogen bonding

in L-Tyr molecules effectively resists external deformation.

Furthermore, thermogravimetric analysis (TGA) revealed that

L-Tyr maintains thermal stability up to approximately 300 °C (Fig.

5b), supporting its capability for engineering applications.
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Figure 5. Characterization of PVD-based L-Tyr self-assemblies. (a) Young's modulus, (b) thermal stability, and (c) piezoelectric constant of L-Tyr self-assemblies, (d)

open-circuit voltage under 33 N mechanical force, (e) short-circuit current under 33 N mechanical force, and (f) linear fitting of open-circuit voltage versus applied

force of an L-Tyr-based nanogenerator. Inset in (f) is an optical image of the device.

To characterize the influence of hydrogen bonding on the

surface potential of these crystals, the electrostatic potential on the

Hirshfeld surface was calculated. The Tonto program and the HF

method were employed in the computation, generating

corresponding electrostatic potential maps based on the crystal

packing structures (Fig. S6). The results indicate that all crystals

exhibit negative electrostatic potential near carboxyl and

hydroxyl groups (red regions), and positive electrostatic potential

near amino groups (blue regions). The electrostatic potential

electron density of L-Phe ranges from -0.2123 to 0.2747 e·au-3,

with an average of -0.0001 e·au-3. The average electrostatic

potential of L-Tyr and L-DOPA is 0.0023 e·au-3 and 0.0088 e·au-3,

respectively. Tyrosine and DOPA exhibit weak positive polarity,

whereas phenylalanine shows weak negative polarity. This

difference originates from charge compensation among amino,

hydroxyl, indole, carboxyl, and benzene ring C–H groups in the

crystals. Due to stronger H–O contacts and relatively weaker C–H

interactions, DOPA demonstrates higher positive polarity, further

validating differences in hydrogen bonding and π-bond interactions

among the various amino acids.

The piezoelectric property of the L-Tyr self-assembly arises

from its non-centrosymmetric crystal structure. The elastic stiffness

tensor C, piezoelectric stress coefficient tensor e, and piezoelectric

charge coefficient tensor d were calculated using DFT (Table S2).

The results show that the piezoelectric strain constants of L-Tyr

crystals range from 4.21 to 19.6 pm/V. The piezoelectric coefficient

was further characterized using PFM, with surface charge

interferences excluded with the help of Kelvin Probe Force

Microscopy (KPFM). By applying voltages ranging from 1–5 V

and analyzing the relationship between the applied voltage and

deformation, a maximum effective piezoelectric coefficient of 3.6

pm·V⁻ ¹ was measured, consistent with the DFT computation (Fig.

5c).

A nanogenerator was constructed from an ordered L-Tyr array

with a silver layer serving as the electrode and a PDMS layer as the

protective layer. The entire device was dried at 80 °C, and copper

wires were used to connect the top and bottom electrodes to an

electrometer for performance measurements (Fig. 5d-f). When the

device is pressed and released, the L-Tyr crystal film becomes

polarized and depolarized due to the piezoelectric effect, driving

current back and forth between the two electrodes (Fig. S7). Under

a pressure of 33 N, the device exhibited an open-circuit voltage of

0.8 V and a short-circuit current of 110 nA (Fig. 5d, e). The

load-dependent electrical output was further investigated, and a

maximum output power of 95.2 nW was achieved at 2.4 MΩ; the

corresponding power density is shown in Fig. S12(a). To further
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evaluate the energy-storage capability of the device, capacitors

with different capacitances (0.1, 0.22, 0.47, and 1 μF) were charged

by the nanogenerator. The device was able to charge a 0.1 μF

capacitor to 0.147 V within 5 min, demonstrating its potential for

practical energy-storage applications(Fig. S12b). The cycling

stability of the nanogenerator was further evaluated. The results

show that the device maintains a stable output voltage of ~0.8 V

over a testing period of 2000 s, demonstrating its good operational

stability and reliability(Fig. S12c). The reversion connection test

was conducted, and the results confirmed that the measured signals

were truly from piezoelectric L-Tyr nanowires, eliminating the

contribution from the contact resistance or parasitic capacitance

(Fig.S8-S11)[42].Compared with previously reported

amino-acid-based piezoelectric materials and nanogenerators, the

PVD approach used in this work not only enables the controllable

growth and orientation tuning of ordered L-tyrosine arrays, but also

delivers good piezoelectric response and device output

performance.(Table S4)[24, 40, 43, 44] Although the present study

is mainly carried out on small-area substrates (1 cm × 1 cm), the

PVD-based growth strategy is, in principle, scalable to larger areas,

while its scalability and related influencing factors still require

further systematic investigation.
4 Conclusions

Self-assemblies of aromatic amino acid arrays via physical

vapor deposition were systematically investigated for the first time,

and a hybrid growth mechanism was proposed. The substrate

temperature, deposition angle, and applied electric field

significantly influence the molecular stacking order, and control

over the morphology and orientation of amino acid nanowires

produces aligned array structures with enhanced physical

properties. L-Tyr initially forms uniform, dense columnar

structures on the substrate, followed by lateral epitaxial growth of

needle-like structures via secondary nucleation and growth. Thanks

to its ordered nanostructure with high crystallinity, the L-Tyr array

exhibits excellent thermal stability and mechanical properties. A

sandwich-structured piezoelectric nanogenerator was fabricated,

producing an open-circuit voltage of 0.8 V and a short-circuit

current of 110 nA. This study provides new insights into the

structural design and performance optimization of ordered

aromatic amino acid arrays, highlighting their potential for

applications in energy harvesting, wearable electronics, and

implantable electronic devices.
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Table S1. Calculated Young’s modulus of L-Tyr. (E)(GPa)

Table S2. Calculated elastic stiffness tensor C, piezoelectric stress coefficient tensor e, and piezoelectric charge coefficient tensor d for

L-Tyr.
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Table S3. Deposition parameters for aromatic amino acids.

Table S4. Comparison of representative amino-acid-based piezoelectric materials and nanogenerators reported in previous studies and this

work.

Note : The reported piezoelectric coefficients and output performances were collected from the literature. Since different characterization

methods, device structures, and testing conditions were used in different studies, these values are presented mainly for qualitative and

relative comparison. The output performance listed here corresponds to the representative electrical output parameters reported in the

original articles. Mechanical properties are listed only when explicitly reported in the corresponding references.

Figure S1. SEM characterization of the self-assembled crystalline thin films of aromatic amino acids via PVD. (a) L-Phe: The SEM image

shows relatively uniform granular structures. (b) L-Tyr: Well-defined needle-like structures are observed. (c) L-Trp: The film exhibits more

complex sheet-like morphologies. (d) L-Dopa: A smooth and highly uniform thin-film morphology is obtained.

For all samples, the substrate temperature was maintained at 80 °C during deposition. The source temperatures were 110 °C for L-Phe, 160 °C

for L-Tyr, 170 °C for L-Trp, and 200 °C for L-Dopa, respectively.

Ju
st

 A
cc

ep
te

d



Nano Res.

Figure S2. Hirshfeld surface analysis of L-Phe. (a) Hirshfeld surface plot. (b-d) 2D fingerprint plots derived using the parameter dnorm,

showing the contribution of O-H (b), H-H (c), and C-H (d).

Figure S3. Hirshfeld surface analysis of L-Tyr. (a) Hirshfeld surface plot. (b-d) 2D fingerprint plots derived using the parameter dnorm,

showing the contribution of O-H (b), H-H (c), and C-H (d).

Figure S4. Hirshfeld surface analysis of L-Dopa. (a) Hirshfeld surface plot. (b-d) 2D fingerprint plots generated using the parameter dnorm,

showing the contribution of O-H (b), H-H (c), and C-H (d).
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Figure S5. SEM images showing the effect of the applied electric field on the morphology of L-Tyr arrays during PVD at 80 °C: (a) without an

applied electric field, (b) with an applied voltage of 1 kV, and (c) with an applied voltage of 2 kV..

Figure S6. Comparison of intermolecular electrostatic potentials mapped on Hirshfeld surfaces in the range of +0.3 au (blue) to −0.3 au (red)

for (a) L-Phe, (b) L-Tyr, (c) L-Trp, and (d) L-Dopa molecules.

Figure S7. Schematic diagram of the energy conversion process of a piezoelectric nanogenerator.

Figure S8. Output voltage obtained from an L‑ tyrosine‑ based nanogenerator under different applied forces of 6 N (a), 12 N (b), 19 N (c), 25

N (d), and33 N (e).

Ju
st

 A
cc

ep
te

d



Nano Res.

Figure S9. Output current from an L‑ Tyr‑ based nanogenerator under different applied forces of 6 N (a), 12 N (b), 19 N (c), 25 N (d), and 33

N (e).

Figure S10. Output voltage from an L‑ Tyr‑ based nanogenerator under different applied forces of 6 N (a), 12 N (b), 19 N (c), 25 N (d), and

33 N (e) with reversed connections.

Figure S11. Output current obtained from the L‑ tyrosine‑ based nanogenerator under different applied forces of 6 N (a), 12 N (b), 19 N (c),

25 N (d), and 33 N (e) with reversed connections.
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Figure S12. (a) Power density of the L-tyrosine-based nanogenerator under different external loads; (b) Charging curves of capacitors with

different capacitances charged by the L-tyrosine-based nanogenerator; (c) Cycling stability of the L-tyrosine-based nanogenerator over time.
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