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A nanogenerator based on metal nanoparticles
and magnetic ionic gradients
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Abstract
Developing a new technique/method and/or mechanism for separating ionic charges is critical to the fabrication of a
high-performance nanogenerator. Inspired by charge migration and/or separation under an electric bias, herein, we
demonstrate a reverse process in which the ionic charge gradients within a metal nanoparticle film are used to output
electrical energy. The metal nanoparticle core is ‘jammed’ within the film, while the counterion itself is mobile and
magnetic; therefore, ionic gradients are created through an external magnetic field. The distribution gradient of
magnetic counterions is subsequently transformed into an electric potential within the metal nanoparticle film and
into an electron flow in the external circuit. The performance of the nanoparticle nanogenerator is also optimized, and
the highest output open-circuit voltage reaches 0.55 V. Finally, we develop a continuum charge-transport model
combining Poisson and Nernst‒Planck diffusion equations to simulate the production of electrical energy within metal
nanoparticle films.

Introduction
Generating micro/nano electrical energy by converting

other types of energy (e.g., mechanical, heat, chemical, etc.)
has become increasingly important for widely distributed
wearable electronic devices1–3. In these micro- and/or
nanogenerators, mechanical energy, for example, induces the
separation of positive and negative charges within the ‘active’
materials, which gives rise to a potential difference between
the electrodes and ultimately leads to the output of elec-
tricity4–6. Specifically, the underlying mechanisms for elec-
tricity generation involves the effective separation of ionic
charges, which determines the performance of a nanogen-
erator. Ionic charge separation can be achieved by the pie-
zoelectric effect7,8, the triboelectric effect9,10, electrochemical
polarization5,11, gradients of temperature12,13, and humid-
ity14,15; however, developing a new technique/method and/
or proposing a new mechanism is always challenging.

On the other hand, metals have not played the same
role as semiconductors in modern electronics because
their electrical properties are largely independent of
the potential that is applied to them16–19. We have
previously shown that this limitation in bulk metals can
be overcome at the nanoscale when metal nanoparticles
are functionalized with charged organic ligands20–23. An
electric field induces the movement of mobile counter-
ions and generates ionic gradients within metal nano-
particle films, enabling the fabrication of diodes, sensors,
transistors, and logic circuits20,21,23. The separation of
ionic charges is a key step in a nanogenerator: can we
use this counterion gradient within a metal nanoparticle
film to produce electrical energy? Instead of the electric
field, other types of energy (technique/method) should
be considered to create the counterion gradient within a
nanoparticle film.
In this study, we propose a magnetic force that induces

the migration of magnetic counterions. The magnetic
counterion is a paramagnetic DyCl4

- anion whose magnetic
susceptibility is high enough to ensure its movement within
metal nanoparticle films. Under an external magnetic field,
the gradient distribution of magnetic counterions sets up a
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potential difference within a metal nanoparticle film and
then outputs electrical energy.

Results
To fabricate a metal nanoparticle nanogenerator, mag-

netic organic ligands are first synthesized24. Positively
charged N,N,N-trimethyl(11-mercaptoundecyl)ammonium
chloride (HS-C11NMe3

+Cl−, TMA) molecules are mixed
with DyCl3 to prepare magnetic TMA ligands with nega-
tively charged paramagnetic counterions DyCl4

-. Compared
with TMA molecules, the UV‒vis spectrum of mag-TMA
shows several weak peaks at approximately 755 nm, 804 nm,
and 907 nm, which could be ascribed to the absorption of
dysprosium ions25 (Fig. S1). In addition, electrospray ioni-
zation mass spectrometry (ESI-MS) measurements con-
firmed the synthesis of DyCl4

- anions (Fig. S2). The mag-
TMA ligands are subsequently used to functionalize gold
nanoparticles20 (AuNPs, 5.6 ± 0.8 nm in diameter, see TEM
in Fig. 1a). Magnetization curve measurements, M-H
(magnetization-magnetic field intensity), performed at
room temperature indicate that the TMA AuNPs are dia-
magnetic (χg � �4:0 ´ 10�5 emu=g), while the mag-TMA

AuNPs are paramagnetic (χg � 7:4´ 10�5 emu=g), which is
consistent with the value reported for other magnetic
anions26 (Fig. 1b).
The nanogenerator is then fabricated by drop-casting an

~1-μm-thick thin film of mag-TMA AuNPs from a
methanolic solution on a silica substrate with e-beam
deposited Au/Cr (65/5 nm) electrodes (Fig. 1c and
Fig. S3). When a magnetic field acts on device, the mag-
netic mobile counterions DyCl4

- tend to migrate toward
and accumulate around the electrode close to the magnet
(Fig. S4). This is confirmed by energy-dispersive spec-
troscopy (EDS) measurements (see Fig. 1d for EDS
mapping and Fig. 1e for distribution profiles). Since the
nanoparticle core is ‘jammed’ within the film, Au does not
change across the channel. In contrast, the concentrations
of both Cl and Dy increase on the magnet side, showing a
distribution gradient for DyCl4

- counterions within the
nanoparticle film.
The distribution gradient of magnetic counterions is

subsequently transformed into an electric potential within
the metal nanoparticle film. To minimize the electrostatic
energy created by this potential difference, electrons are

Fig. 1 Scheme of the device and demonstration of magnetic ionic gradients. a TEM image of AuNPs and particle size statistics. b M-H curves of
TMA and mag-TMA AuNPs. c The top scheme illustrates the metal nanoparticle nanogenerator in which the magnetic counterions (DyCl4

-) migrate
toward the electrode close to the magnet. The bottom scheme shows an individual mag-TMA gold nanoparticle and one of its magnetic ligands
with an associated DyCl4

- counterion. d EDS mapping of Cl, Dy, and Au elements within the mag-TMA AuNP film after placing a magnet (200 mT) on
the left side of the film for approximately 10 min. e Corresponding profiles of Cl, Dy, and Au elemental distributions.
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injected into the nanoparticle film from the electrode that
is farther away from the magnet. Consequently, electron
flow is detected in the external circuit, leading to the
output of electrical energy. This corresponds to the ‘ON’
state when the magnetic field is placed (see the first peaks
in the output voltages/currents in Fig. 2 and Fig. S5).
When the magnetic field is removed, the negatively
charged magnetic counterions that previously accumu-
lated are prone to diffuse back to their original positions.
In this case, electron will be injected from the other

electrode that was close to the magnet. This is the process
for outputting a voltage/current in the opposite direction
(see the first and second peaks in Fig. 2a, Fig. S5a, b).
Reversible switching between the ‘ON’ and ‘OFF’ phases
of the magnetic field produces alternating outputs that
are very similar to those of previous nanogenerators
(e.g., piezoelectric, triboelectric).
The reliability of electricity generation by the mag-TMA

AuNP nanogenerator is confirmed by reversing the lead
connections. Both the open-circuit voltages and short-circuit

Fig. 2 The electrical output of the mag-TMA AuNP nanogenerator. a Open-circuit voltage of the mag-TMA AuNP nanogenerator when the
magnetic field is applied (ON) and removed (OFF). b The output characteristics of a control device fabricated by using TMA AuNPs in which the
counterions (Cl−) are nonmagnetic. The red curve (left y-axis) is magnified and replotted in the blue curve (right y-axis). c, d Dependence of open-
circuit voltages on the strength of the magnetic field (c) and channel length L between two electrodes (d). For the sake of clarity, the red/black/
yellow curves are manually shifted upward/downward by 0.3 V/0.6 V. All of the channel lengths in (c) are 20 μm, and the magnetic fields in (d) are
650mT. e The open-circuit voltage amplitudes as a function of channel length (blue curve, bottom x-axis) and magnetic field strength (red curve, top
x-axis). f The dependence of open-circuit voltages on the frequencies of the ON/OFF magnetic field. All of the channel lengths are 50 μm, and the
magnetic fields are 650mT.
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currents have reversed polarity (Fig. S5a vs. b). In another
experiment, when the magnetic DyCl4

- counterions are
replaced by nonmagnetic Cl− anions, no apparent open-
circuit voltage is measured in TMA AuNP films (Fig. 2b).
The trace potential (~0.001 V) observed during the switch-
ing of the magnetic field is probably due to electromagnetic
induction from the closed loops. This control experiment
not only indicates the negligible impacts of electromagnetic
induction but also confirms that the output of the mag-
TMA AuNP nanogenerator originates from the magnetic
field-induced distribution gradient of magnetic counterions.
In addition, charge separation that is induced by a magnetic
field is a new finding in nanogenerators and is apparently
different from previous nanogenerators. The transport
characteristics of the mag-TMA AuNP nanogenerator are
shown in Fig. S6, indicating that the contact between the
electrodes and nanoparticles is Ohmic.
Next, factors that impact the output performance of the

mag-TMA AuNP nanogenerator are studied. The first is
the strength of the magnetic field. For a given channel
length (20 μm), an increase in the magnetic field intensity
generally increases the magnitude of the electrical output
(Fig. 2c). With a 650mT magnetic field, an open-circuit
voltage of ~0.55 V is recorded. However, as the field
decreases to 100mT, no apparent voltage is measured.
We also find that the output performance is dependent on
the channel length of the device. Figure 2d shows the
open-circuit voltage of the nanoparticle nanogenerator
recorded with several channel lengths ranging from 20 to
100 μm under a constant magnetic field (650 mT). Under
the same circumstances, the smaller the lengths of device
channels are, the larger the voltage generated. We attri-
bute this to the likelihood that the number of ions
reaching the electrode decreases significantly with
increasing channel distance. This is an important finding
since it suggests a roadmap for future performance gains
that can accompany device miniaturization (Fig. 2e). In
addition, the influence of the switching frequency of the
magnetic field on the device performance is also studied.
Figure 2f shows the output signal of the device under
various switching frequencies ranging from 5 s to 60 s.
A slight increase in output voltage is found at high fre-
quency, which is probably due to the backflow of coun-
terions that do not reach the equilibrium state, leading to
an accumulation of effective counterions. The cycling
performance of the device is also shown in Fig. S7.
To simulate electricity generation by mag-TMA AuNP

films, a continuum charge-transport model combining
Poisson and Nernst‒Planck (PNP) diffusion equations is
developed. In this model, only the mobile magnetic
counterions and not the charged NPs can migrate in
response to the local magnetic field and concentration
gradients. Moreover, within the nanoparticle film, the
motions of ions and electrons are related to each other to

maintain local charge neutrality. In addition, the con-
duction electrons can flow freely in and out of the
nanoparticle film at the electrodes, whereas the counter-
ions can only move within the nanoparticle film. For
simplicity, we convert the magnetic force into an electric
force. According to Maxwell’s equations, the magnetic
field generated by the magnetic counterions and their
movements is much smaller than the external magnetic
field, so it can be ignored.
Here, we considered a one-dimensional domain [0, L].

Since the magnetic counterions are negatively charged,
the applied magnetic field can be converted into an
electric field by using the transformation of force, FH ¼
χmHVgradH ¼ qE (see the meaning of parameters in SI).
For the transport of charged species i, the governing
PNP equations could be simplified to ∂ci

∂t ¼ �∇ � Ji ¼
�∇ �Di ∇ci þ F

RT cizi∇φ
� �� �

and ∇ � ∇ε0ε∇φð Þ ¼ F
P

i zici
(see SI for details). With appropriate boundary conditions,
the coupled PNP equations are then solved numerically by
using a commercial finite element solver. The output vol-
tage can be regarded as the charging and discharging of a
capacitor. Therefore, the equation can be finally integrated

by Voutput ¼ V
Vmaxexp �tL=RV εεoð Þ

V<Vmax

V ¼ Vmax

�
(see SI for

details). The calculated concentration profiles (Fig. 3a)
demonstrate that the counterions accumulate on the side
close to the magnet and eventually reach equilibrium under
a proper magnetic field, consequently influencing potential
distribution (Fig. 3b) and ultimately transforming into an
electric potential within the nanoparticle film (Fig. 3c) and
an output voltage in the external circuit (Fig. 3d, e). In
addition, with increasing magnetic field intensity, the out-
put voltage also increases, which is consistent with the
experimental results (Fig. 3d vs. 2c). This model also cap-
tures the increase in the output voltage due to a decrease in
channel lengths between the electrodes (Fig. 3e, f).

Discussion
It is important to consider the shortcomings of our proof-

of-concept devices. Before this nanogenerator can become a
technologically viable alternative to any existing energy
harvesting device, several aspects need to be considered.
One is the strong magnetic field required for output elec-
tricity. A field of 650mT is too strong to be practically
useful. One solution might be to use counterions with much
higher magnetic susceptibility27 (e.g., Ln(hfa)4

-; Ln= Tb, Dy,
Ho, Er, Tm, Yb; hfa = 1,1,1,5,5,5-hexafluoro-acetylacetone).
The other could be designing magnetic core/shell nano-
particles28,29 (e.g., Ni/Au, Fe3O4/Au) in which the additional
magnetic nanocores could enhance the gradient distribution
of the magnetic field within the nanoparticle film. Second,
the output performance—both the open-circuit voltage and
especially the short-circuit current (~nano amperes)—is not
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competitive with other nanogenerators. This is due to the
low ‘effective’ counterion concentration and mobility ‘acti-
vated’ by the present magnetic field. Reducing channel
length is demonstrated to be useful for improving the output
performance (Fig. 2d, e). In addition, increasing the electrode
surface area could be favorable for generating more current.
We have tried to fabricate a sandwiched longitudinal device.

However, has proven to be challenging due to poor nano-
particle film quality, which leads to short-circuiting upon the
deposition of the top electrode. Improving film quality by
using other techniques is currently understudied. The last
aspect can be the design of the nanogenerator. Manually
switching the magnetic field ‘ON’ and ‘OFF’ is far from
realistic in practical application. A possible solution is

Fig. 3 Simulation of the mag-TMA AuNP nanogenerator. a, b Distributions of the DyCl4
- counterions (a) and potentials (b) at the initial state,

forward steady state, and reverse steady state. c Time-dependent voltage within the mag-TMA AuNP film. d, e Time-dependent open-circuit voltages
as a function of the strength of the magnetic field (d) and channel length between two electrodes (e). The light-green highlighted regions are
magnified and plotted on the right. For the sake of clarity, the red/black curves in (d) and red/blue curves in (e) are artificially moved upward/
downward by 1.5. f The open-circuit voltage amplitudes as a function of channel length (blue curve, bottom x-axis) and magnetic field strength (red
curve, top x-axis). Three magnetic fields (1, 10, and 100) and channel lengths (20, 50, and 100) are used for simulation. The magnetic field in (a) to (c)
and (e) is 100, and the channel length in (d) is 20.
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rotating the device under the assistance of mechanical
energy while keeping the magnetic field constantly applied.
Finally, we would like to emphasize the idea of separating

charges by applying a magnetic field. The magnetic field
induced the migration of magnetic counterions, which
plays a role similar to that of an electric field. This new
technique/method/mechanism is different from those of
previous nanogenerators that are based on other phe-
nomena, such as the piezoelectric effect, triboelectric effect,
electrochemical polarization, gradients of temperature and
humidity, and physical contact between two materials
with different electron affinities. On the other hand, since
charged metal nanoparticles can be used to fabricate var-
ious electronic components (e.g., sensors, diodes, and
transistors), a magnetic nanoparticle nanogenerator can be
integrated to power electronic components and circuits,
enabling all-metal-nanoparticle systems.

Conclusions
In summary, we fabricated a nanogenerator based

on charged metal nanoparticles with mobile magnetic
counterions. The application of a magnetic field induces
a distribution gradient of magnetic counterions, which
subsequently transforms into an electric potential within
the metal nanoparticle film and outputs electrical energy.
The separation of ionic charges through the application
of a magnetic field is a new finding that has not been
demonstrated before. Although the performance of the
metal nanoparticle generator is currently not competi-
tive with other reports, we expect that in the future, with
further improvements, this metal nanoparticle generator
can be used in practical applications, especially in self-
powered all-metal-nanoparticle electronics.

Materials and methods
AuNP synthesis
DDA AuNPs (5.5 ± 0.8 nm) were synthesized according

to previous reports30,31. Based on a typical procedure,
HAuCl4·3H2O (0.12 mmol) was first dissolved in a
toluene solution (13.2 mL) containing dodecylamine
(DDA; 2.4 mmol) and dilauryldimethylammonium bro-
mide (DDAB; 1.2 mmol). In a separate vial, tetra-
butylammonium borohydride (TBAB; 0.2 mmol) and
DDAB (0.6 mmol) were dissolved in toluene (5.7 mL).
The TBAB solution was then injected into the gold salt
solution under vigorous stirring for 12 h. This produced
an ~3 nm Au nanoparticle seed. To prepare the growth
solution, 1.2 mmol HAuCl4·3H2O, 28.3 mmol DDA, and
4.5 mmol DDAB were dissolved in 113.4 mL toluene. The
above seed solution was subsequently injected into the
growth solution under vigorous stirring. A mixed solu-
tion of hydrazine monohydrate (5.8 mmol) and DDAB
(4.5 mmol) in toluene (43.8 mL) was prepared and added
dropwise into a HAuCl4 solution over ~30 min under

vigorous stirring. After 12 h of reaction, 5.6 nm DDA
AuNPs were produced.

Synthesis of mag-TMA ligands
To synthesize the mag-TMA ligands, 0.5mmolN,N,N-

trimethyl-(11-mercaptoundecyl)ammonium chloride (TMA)
and 0.5mmol DyCl3 were first mixed in 1mL methanol.
After stirring for 24 h at room temperature, the mag-TMA
ligands were obtained.

Surface functionalization of AuNPs with mag-TMA ligand
A DDA AuNP (30–50 mL) solution was first quenched

by acetone. The NP precipitates were redispersed in
toluene, and the mag-TMA (55 mg) CH2Cl2 solution
(20 mL) was immediately added. The NP precipitates
were washed with CH2Cl2 (20 mL) three times. Subse-
quently, 28 mg mag-TMA in 10 mL methanol was added
to the NP precipitate. The ligand exchange reaction
proceeded for 1 h, and the NPs were precipitated by the
addition of toluene. After the mag-TMA AuNPs were
washed with CH2Cl2 (3 × 20 mL), they were redispersed
in 1.5 mL of methanol and filtered through a cellulose
acetate 0.22 μm filter.

Characterization
ESI-MS analysis was conducted by using an LCMS/ESI/

QTOF Analyzer (UPLC-QTOF). The UV‒Vis absorption
spectra were recorded by a spectrophotometer (Shimadzu,
Japan, UV 2600). TEM was performed on a Tecnai G2 20
S-TWIN. EDS was performed on an SEM equipped with a
Horiba EMAX X-ray detector (SEM, Hitachi-SU8220).
The VSM measurement of AuNPs was performed on a
PPMS-ANC300 (Quantum Design, America & attocube
systems AG, Germany).

Device fabrication and electrical measurements
The gold electrodes (8 mm × 1mm× 65/5 nm), Au/Cr)

were first deposited on a silica substrate by e-beam eva-
poration through a shadow mask. The mag-TMA AuNPs
in methanol were subsequently drop-casted to cover the
entire electrode. The electrical characteristics were mea-
sured by a Keithley 6517 high-precision electrometer,
and the data were collected by an acquisition card. The
magnetic field was provided by a 650mT neodymium
magnet. The time interval between the application and
removal of the magnetic field was 30 s.

Acknowledgements
This work was supported by the National Natural Science Foundation of China
(21875053) and the Strategic Priority Research Program of the Chinese
Academy of Sciences (XDB36000000). The authors thank B. Tu and B. Lu for
their helpful discussions and support on modeling.

Author details
1CAS Key Laboratory of Nanosystem and Hierarchical Fabrication, CAS Center
for Excellence in Nanoscience, National Center for Nanoscience and

Wang et al. NPG Asia Materials (2023) 15:11 Page 6 of 7



Technology, Beijing 100190, China. 2University of Chinese Academy of
Sciences, Beijing 100049, China. 3School of Chemistry and Biological
Engineering, University of Science and Technology Beijing, Beijing 100083,
China

Author contributions
J.W. carried out the experiments and, with the help of T.X., J.G., and X.Z.
performed the data analysis. J.W. modeled the experimental results. All authors
wrote the manuscript. Y.Y. conceived and supervised the project.

Conflict of interest
The authors declare no competing interests.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41427-023-00468-x.

Received: 30 July 2022 Revised: 21 January 2023 Accepted: 1 February
2023.
Published online: 10 March 2023

References
1. Zeng, W. et al. Fiber-based wearable electronics: a review of materials, fabri-

cation, devices, and applications. Adv. Mater. 26, 5310–5336 (2014).
2. Fan, F. R., Tang, W. & Wang, Z. L. Flexible nanogenerators for energy harvesting

and self-powered electronics. Adv. Mater. 28, 4283–4305 (2016).
3. Song, Y. D., Wang, N., Hu, C. S., Wang, Z. L. & Yang, Y. Soft triboelectric

nanogenerators for mechanical energy scavenging and self-powered sensors.
Nano Energy 84, 105919 (2021).

4. Yan, Y., Timonen, J. V. I. & Grzybowski, B. A. A long-lasting concentration cell
based on a magnetic electrolyte. Nat. Nanotechnol. 9, 901–906 (2014).

5. Krabbenborg, S. O. & Huskens, J. Electrochemically generated gradients.
Angew. Chem. Int. Ed. 53, 9152–9167 (2014).

6. Sun, Q. Q. et al. Surface charge printing for programmed droplet transport.
Nat. Mater. 18, 936–941 (2019).

7. Wang, Z. L. & Song, J. H. Piezoelectric nanogenerators based on zinc oxide
nanowire arrays. Science 312, 242–246 (2006).

8. Jia, Y. L. & Zhang, K. Piezoelectric potential-enhanced output and nonlinear
response range for self-powered sensor on curved surface. Nano Energy 96,
107103 (2022).

9. Fan, F. R., Tian, Z. Q. & Wang, Z. L. Flexible triboelectric generator! Nano Energy
1, 328–334 (2012).

10. He, W. C. et al. Boosting output performance of sliding mode triboelectric
nanogenerator by charge space-accumulation effect. Nat. Commun. 11, 4277
(2020).

11. Inagi, S., Ishiguro, Y., Atobe, M. & Fuchigami, T. Bipolar patterning of con-
ducting polymers by electrochemical doping and reaction. Angew. Chem. Int.
Ed. 49, 10136–10139 (2010).

12. Cheng, H. L. & Ouyang, J. Y. Ultrahigh thermoelectric power generation from
both ion diffusion by temperature fluctuation and hole accumulation by
temperature gradient. Adv. Energy Mater. 10, 2001633 (2020).

13. Zhao, D. et al. Ionic thermoelectric supercapacitors. Energy Environ. Sci. 9,
1450–1457 (2016).

14. Sun, Z. Y. et al. Nanofiber fabric based ion-gradient-enhanced moist-electric
generator with a sustained voltage output of 1.1 volts. Mater. Horiz. 8,
2303–2309 (2021).

15. Li, L. H. et al. Moisture-driven power generation for multifunctional flexible
sensing systems. Nano Lett 19, 5544–5552 (2019).

16. Moreira, H. et al. Electron cotunneling transport in gold nanocrystal arrays.
Phys. Rev. Lett. 107, 176803 (2011).

17. Zabet-Khosousi, A. & Dhirani, A. A. Charge transport in nanoparticle assemblies.
Chem. Rev. 108, 4072–4124 (2008).

18. Kim, Y. et al. Stretchable nanoparticle conductors with self-organized con-
ductive pathways. Nature 500, 59–64 (2013).

19. Yang, Y. J. et al. Stretchable energy-harvesting tactile interactive interface
with liquid-metal-nanoparticle-based electrodes. Adv. Funct. Mater. 30,
1909652 (2020).

20. Yan, Y., Warren, S. C., Fuller, P. & Grzybowski, B. A. Chemoelectronic circuits
based on metal nanoparticles. Nat. Nanotechnol. 11, 603–608 (2016).

21. Zhao, X. et al. Switchable counterion gradients around charged metallic
nanoparticles enable reception of radio waves. Sci. Adv. 4, eaau3546 (2018).

22. Guo, J. H. et al. Counterion gradients around charged metal nanoparticles
enabling basic electronics without semiconductors. J. Phys. Chem. Lett. 12,
6102–6110 (2021).

23. Zhao, X. et al. Charged metal nanoparticles for chemoelectronic circuits. Adv.
Mater. 31, e1804864 (2019).

24. Brown, P. et al. Magnetic control over liquid surface properties with responsive
surfactants. Angew. Chem. Int. Ed. 51, 2414–2416 (2012).

25. Yuan, H. B., Zhang, J. H., Yu, R. J. & Su, Q. Synthesis of rare earth sulfides and
their UV-vis absorption spectra. J.Rare Earth. 27, 308–311 (2009).

26. Joseph, A. et al. Paramagnetic ionic liquids for advanced applications: a review.
J. Mol. Liq. 218, 319–331 (2016).

27. Wu, K. G. & Shen, X. H. Designing a new type of magnetic ionic liquid: a
strategy to improve the magnetic susceptibility. New J. Chem. 43,
15857–15860 (2019).

28. Freitas, M. et al. Highly monodisperse Fe3O4@Au superparamagnetic nano-
particles as reproducible platform for genosensing genetically modified
organisms. Acs Sens. 1, 1044–1053 (2016).

29. Chaudhuri, R. G. & Paria, S. Core/Shell nanoparticles: classes, properties,
synthesis mechanisms, characterization, and applications. Chem. Rev. 112,
2373–2433 (2012).

30. Jana, N. R. & Peng, X. G. Single-phase and gram-scale routes toward nearly
monodisperse Au and other noble metal nanocrystals. J. Am. Chem. Soc. 125,
14280–14281 (2003).

31. Kalsin, A. M. et al. Electrostatic self-assembly of binary nanoparticle crystals with
a diamond-like lattice. Science 312, 420–424 (2006).

Wang et al. NPG Asia Materials (2023) 15:11 Page 7 of 7

https://doi.org/10.1038/s41427-023-00468-x

	A nanogenerator based on metal nanoparticles and magnetic ionic gradients
	Introduction
	Results
	Discussion
	Conclusions
	Materials and methods
	AuNP synthesis
	Synthesis of mag-TMA ligands
	Surface functionalization of AuNPs with mag-TMA ligand
	Characterization
	Device fabrication and electrical measurements

	Acknowledgements
	Acknowledgements




