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A neuromorphic computing chip that can imitate the human brain’s ability to process
multiple types of data simultaneously could fundamentally innovate and improve the
von-neumann computer architecture, which has been criticized. Memristive devices are
among the best hardware units for building neuromorphic intelligence systems due
to the fact that they operate at an inherent low voltage, use multi-bit storage, and
are cost-effective to manufacture. However, as a passive device, the memristor cell
needs external energy to operate, resulting in high power consumption and complicated
circuit structure. Recently, an emerging self-powered memristive system, which mainly
consists of a memristor and an electric nanogenerator, had the potential to perfectly
solve the above problems. It has attracted great interest due to the advantages of
its power-free operations. In this review, we give a systematic description of self-
powered memristive systems from storage to neuromorphic computing. The review also
proves a perspective on the application of artificial intelligence with the self-powered
memristive system.
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INTRODUCTION

Brain-like artificial neural networks (ANNs) are currently gaining extensive attention as
an evolving technology for artificial intelligence, enabling self-learning, speech recognition,
and pattern recognition (Jiang et al., 2017; Van and Bohte, 2017; Peng et al., 2019;
George et al., 2020; Kumar et al., 2020). Memristor possesses the significant advantage of
resistance-tunable features for behaving like a synapse and is universally considered to be
the emerging building blocks of brain-like ANNs (Wang et al., 2016; Li C. et al., 2018;
Liu et al., 2018; Yan et al., 2018, 2019a,b; Yoon et al., 2018; Zhao et al., 2020). Some
progress has been made in emulating synapse behavior and constructing hardware ANNs with
memristors devices (Wang et al., 2012; Kim et al., 2015; Zhang et al., 2017; Hu et al., 2018;
Ntinas et al., 2018). Prezioso et al. (2015) experimentally demonstrated an artificial neural
network using metal-oxide based memristors integrated into a dense, transistor-free crossbar
circuit. Yang’s group used memristor-based ANNs to demonstrate the capabilities of artificial
intelligence, including online reinforcement learning, unsupervised learning using fully memristive
networks, and convolutional memristor networks, all of which are significant developments in
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memristor-based brain-like ANNs (Wang et al., 2018, 2019a,b).
However, when building larger-scale brain-like or implantable
ANNs systems, the proportional increase of energy consumption
and power-supply circuit complexity are inescapable problems
(Tao et al., 2020). Research efforts have therefore been devoted
to the development of energy-efficient memristive systems (Tao
et al., 2017; Zhao X. et al., 2017; Jang et al., 2018; Zidan
et al., 2018; Choi et al., 2020; Lübben et al., 2020). Traditional
approaches for achieving ultra-low-power memristors include
optimizing the switching operation, for example reducing
switching current/voltage, and increasing switching speed, and so
forth (Li Y. et al., 2018; Tao et al., 2018; Qi et al., 2020; Tian et al.,
2020; Tseng et al., 2018).

The pursuit of high energy efficiency memristor devices
continues and a newly developed self-powered technology that
can harvest environmental energy of various kinds to drive
functional units shows promise. This self-powered technology
completely decouples the dependency on an external power-
supply system (Zhao et al., 2015; Ding et al., 2017; Tan et al.,
2017; Zhao F. et al., 2017; Xu et al., 2019). It has been extensively
investigated in several prominent applications, in fields such as
implantable medical devices, the aerospace industry, and remote
monitoring (MacVittie and Katz, 2014; Sun et al., 2017; Xu et al.,
2018; Yang Z. et al., 2020). These reports indicate that self-
powered technologies can usually be divided into piezoelectric,
triboelectric, fluidic-electric, pyroelectric, photovoltaic, and
moisture-electric effects (Yin et al., 2014; Liu et al., 2016; Shao
et al., 2017; Luo et al., 2018; Chandrasekaran et al., 2019;
Stewart et al., 2020). Integrating these self-powered systems
with various functional devices, power-free electronics, such
as self-powered generators, self-powered sensors, self-powered
detectors, and self-powered motors have been successfully
developed (Lee et al., 2020; Wang Y. et al., 2020; Zhang
and Yeow, 2020). Inspired by the above power-free electronics
systems, memristors, the elementary unit of ANNs, have also
been incorporated with self-powered technologies. Table 1 shows
recent reports about self-powered memristive systems, from
which we can see that by introducing different self-powered
technologies, multiple self-powered electronic devices can be
developed, a research hotspot currently being explored by many
researchers.

Generally, self-powered memristors structurally consist of an
electric nanogenerator and a memristive unit that connect each
other in series. The output amplitude from the nanogenerator
is sufficient to drive the memristor, thus the integrated self-
powered memristor devices possess an ability that could operate
normally without an external power supply. This kind of power-
free electronic system has enormous application potentials in
some special environments, such as the aerospace industry and
implantable medicine. Therefore, it would be very significant
and interesting to develop self-powered memristive systems.
The objective of this paper is to give a review of the updated
research progress of recently self-powered memristive systems
from storage application to neuromorphic computing. We
also provide some suggestions and optimization methods for
the development of artificial intelligence with self-powered
memristive systems.

SELF-POWERED MEMRISTIVE
SYSTEMS FOR STORAGE APPLICATION

Digital memristor, the resistance value of which can be switched
between a high resistance state (HRS) and low resistance state
(LRS), is a very promising candidate for next generation non-
volatile memory due to its superior performance and simple
structure (Sakib et al., 2017; Zhao et al., 2019; Wang Z. et al.,
2020). However, as a passive electronic device, the memristor
has to be driven by an external bias voltage. A promising
way of addressing this could involve combining the memristor
with a self-powered technology that can facilitate a completely
power-free operation. A detailed discussion of recent research
results in relation to the self-powered memristive storage system
is outlined below.

At present, humidity-powered systems are widely reported
(Zhao et al., 2015; Ding et al., 2017; Zhao F. et al., 2017), mainly
because water and vapor are the most sufficient resources on
the earth. Imitating the driving force of water vapor evaporation
along a tree trunk, Xue et al. (2017) successfully fabricated
a humidity-powered electric generator using nanostructured
amorphous carbon materials. This approach is exciting as it
uses evaporation from a centimeter-sized carbon-based material
sample that could reliably generate sustained voltages of up
to 1 V for at least 163 h under humid conditions. Based on
this highly efficient nanogenerator, Zhou et al. fabricated a self-
powered porous carbon-based memristor device (Zhou G. et al.,
2019). They integrated a memristor device with Ag/amorphous
carbon/Ag sandwich structure and three aforementioned water-
evaporation-induced nanogenerators using wires in series.
The memristor device could be driven by the carbon-based
nanogenerator, and thus operate completely power-free. In
addition, the output ability of this nanogenerator could be
linearly increased when connecting multiple nanogenerator cells
in series. This self-powered memristor device has the advantages
of being sustainable, renewable, environmental-friendly and it
meets the development direction and use requirements of green
electronics. The above experiment indicates that the integration
of multiple devices is a promising approach for multifunctional
power-free intelligent electronics.

Furthermore, the existing self-powered memristive systems
involve the structural integration of a nanogenerator and a
memristor in series. These are two independent systems owing
to their different operation mechanisms. It would be interesting
to develop a self-powered memristive system in which these two
systems are integrated with correlated mechanisms. Inspired by
previous work, a moisture-powered memristive system with a
close mechanism correlation were fabricated with a double-layer
stack of a WOx memristor layer and an oxygen-plasma-treated
amorphous carbon (OAC) nanogenerator layer by Tao et al.
(2020), as is shown in Figure 1a-ii. The resistance switching
mechanism of the integrated system can be attributed to the
formation/rupture of several tiny Vo-based CFs in the memristor.
When a negative bias voltage is applied on the top electrode,
the oxygen ions in the WOx film are driven into the OAC
film, resulting in the LRS with the oxygen-deficient CFs. The
increased oxygen content in the OAC film will objectively give
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TABLE 1 | Self-powered memristor series for various applications.

Study Memristive component Self-powered component Potential application

MacVittie and Katz (2014) ECM memristor Biofuel cell Self-powered information processing

Tan et al. (2015) VCM memristor Photoelectric effect Self-powered storage

Kim et al. (2016) VCM memristor Piezoelectric nanogenerator Self-Powered storage

Lee et al. (2017) VCM memristor Piezoelectric nanogenerator Self-Powered storage

Zhao F. et al. (2017) VCM memristor Moisture-electric nanogenerator Self-Powered storage

Sun et al. (2017) VCM memristor Triboelectric nanogenerator Self-powered smart skin

Kim et al. (2017) VCM memristor Piezoelectric nanogenerator Self-powered artificial synapse

Zhou G. et al. (2019) ECM memristor Moisture-electric nanogenerator Self-powered storage

Liu et al. (2019) Organic field effect transistor Triboelectric nanogenerator Self-powered tactile system

Chen et al. (2019) Ion gel-gated transistor Piezoelectric nanogenerator Self-powered sensory synapse

Zhou F. et al. (2019) VCM memristor Photoelectric effect Self-powered neuromorphic vision

Liu et al. (2020a) Field effect transistor Triboelectric nanogenerator Self-powered auditory pathway

Tao et al. (2020) VCM memristor Moisture-electric nanogenerator Self-powered reading

Liu et al. (2020b) Field effect transistor Triboelectric nanogenerator Self-powered sensory memory

Yang X. et al. (2020) Halide perovskite memristors Photovoltaic nanogenerator Self-powered retina system

Yang Z. et al. (2020) VCM memristor Piezoelectric nanogenerator Self-powered pressure sensor

rise to an increase in oxygen gradient. The output voltage of this
integrated moisture-powered memristor will therefore increase,
and vice versa. The integrated self-powered memristor device
was capable of good switching performance (Figure 1a-i). An
8 × 4 cell array was constructed to demonstrate a practical
application of the moisture-powered reading operation. The
output signals of the HRS and LRS are, respectively represented
by the binary values 1 and 0 (Figure 1a-iii), and the pre-
programmed single letters can be simultaneously displayed by
the standard eight-bit code of ASCII under the circumstance
of human-breathing. Moreover, by controlling the number
of mobile oxygen species, the moisture-powered memristor
revealed the capability of multi-level storage and selective reading
function using a digital comparator to differentiate digital signals.
The integrated self-powered memristor device, especially with a
mechanism correlation concept, may open the pathway to the
development of novel self-powered electronics.

Except for moisture-powered memristive systems, several
other types of self-powered technologies have also introduced, as
shown in Table 1. For example, Kim et al. (2016) have fabricated
a low-temperature-grown amorphous (Na0.5K0.5)NbO3
piezoelectric nanogenerator (NKN NG). They have successfully
constructed a self-powered memristor by using wires to connect
this NKN NG and an NKN-based memristor device. The
NKN NG has a large open-circuit output voltage of ∼2.0 V
and a short-circuit output current of ∼40 nA, which serves
as the power supply to drive the memristor device to operate.
Stable switching properties with a large ON/OFF ratio of 102
were obtained. In addition, to verify the biocompatibility of
component materials, they also conducted cell-viability tests on
NKN thin films, showing the potential application of NKN films
to implantable biomedical devices.

Some researchers have also introduced light to drive the
memristor device, which can also be classified as a kind of self-
powered technology. For example, Chai’s group demonstrated
a novel optoelectronic memristor based on a Pd/MoOx/ITO

sandwich structure. The introduction of optical operation could
not only simplify the circuitry of image processing but also reduce
power consumption. These light-tunable memristor cells could
be used as building blocks for the application of neuromorphic
visual pre-processing (Zhou F. et al., 2019). Tan et al. (2015)
used the modulation mechanism of the band bending at the
CeO2-x/AlOy/Al region to show a light-writeable/electrically
erasable memristive device, integrating demodulating, arithmetic
and memory functions.

SELF-POWERED MEMRISTIVE
SYSTEMS FOR NEUROMORPHIC
COMPUTING

As one promising device for artificial synapses, an analog
memristor can realize the multiple functions of biological
synapses, which can further realize the construction of ANNs.
The collaboration of memristive synapses and different self-
power systems can bring some novel and interesting functions.

Usually, the inserted self-powered system can serve as an
external signal to realize multiple intrinsic function simulations
of artificial synapses. For example, Kim et al. (2017) demonstrated
a self-powered artificial synapse system by integrating a
flexible (Na0.5K0.5)NbO3 (NKN) memristor and an amorphous
(Na0.5K0.5)NbO3 piezoelectric nanogenerator (NKN NG), as is
shown in Figure 1b. In their work, a large output voltage of more
than −2.0 V was obtained to drive the NKN memristor when
the NKN NG was pressed. As is shown in Figure 1b-i, by using
an NKN NG to provide priming spikes, they have regulated the
spike-time-dependent plasticity (STDP) in the NKN memristor.
By controlling the oxygen vacancies movement and shape
of the conductive filaments in the NKN memristor, various
synaptic behaviors such as a transition from short-term-plasticity
(STP) to long-term-plasticity (LTP) and spike-rate-dependent
plasticity (SRDP) were realized (Figure 1b-ii). Moreover, they
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FIGURE 1 | (a-i) Schematic diagram of the moisture-powered memristor with a W/WOx/OAC/Pt structure and its moisture-powered reading operation. The OAC
and WOx films act as the nanogenerator and memristor layer, respectively. (a-ii) Typical I-V curves of the integrated memristor device. (a-iii) Power-free reading of
the HRS/LRS through human breath after reversible RS operations (Tao et al., 2020). (b-i) Schematic diagram of an NKN-based memristor operated by the NKN
NG. (b-ii) Variations of the synaptic weight with respect to the spike number and interval. (b-iii) (1) Priming P-spike and P-spike applied to the NKN memristor and
(2) current of the NKN memristor (Kim et al., 2017).

investigated the metaplasticity characteristic of spike-time-
dependent plasticity (STDP), which indicates that a priming
stimulus before the main actions can modulate the behaviors of
synaptic plasticity (Figure 1b-iii). The results indicated that the
NKN memristor with the NKN NG has exhibited an excellent
synaptic plasticity behavior, which, in an artificial synapse,
implements advanced and bio-realistic functions.

Liu et al. (2020b) demonstrated a self-powered artificial
sensory memory system by integrating a triboelectric
nanogenerator (TENG) and a field effect synaptic transistor
(FEST). The voltage spike signal was obtained when an external
touch was applied to the triboelectric nanogenerator, which was
subsequently transmitted to the gate electrode of the transistor.
By utilizing the self-powered artificial sensory memory system,
some basic synaptic behaviors such as excitatory post-synaptic
current (EPSC) and paired-pulse facilitation (PPF) were well
mimicked, and a gradual memory process from sensory memory
(SM) and short-term memory (STM) to long-term memory
(LTM) were also realized. Furthermore, they realized that a
perceptual learning capability of the artificial sensory system
and the pattern recognition based on the unsupervised learning
process. A series of voltage pulses translated from a training
image were applied to a 28 × 28 array as the input signal.
After forty thousand times learning, the recognition rate was
up to 84%, which is close to the ideal accuracy of the database.
Moreover, this self-powered sensory memory system also
realized real-time neuromorphic computing with high pattern
recognition accuracy.

With the help of some specific nanogenerators, researchers
have demonstrated various interesting self-powered applications
that can improve the development of power-free artificial
intelligence. For example, Liu et al. (2020a) have designed a self-
powered artificial auditory pathway actuated by incorporating a
triboelectric nanogenerator and a field effect synaptic transistor,
emulating the biological auditory functionalities for the first

time. Furthermore, they have achieved a self-adaptation
artificial auditory pathway with noise adjustable behavior.
Recently, Yang’s group designed a self-powered artificial retina
perception system by using two-terminal silicon solar cells
and an ITO/CsPbBr2I/P3HT/Ag memristor device together
(Yang X. et al., 2020). In their system, the electrical signal
was generated by a light stimulation through the solar cell
and transferred to the perovskite-based memristor as a pre-
synaptic signal, realizing further information pre-processing
functions. Utilizing their self-powered artificial retina perception
system, many basic synapse behaviors such as irradiation-time-
dependent plasticity (ITDP), irradiation-intensity-dependent
plasticity (IIDP), irradiation-wavelength-dependent plasticity
(IWDP), and irradiation-frequency-dependent plasticity
(IFDP) have been successfully emulated. Moreover, the
self-powered artificial retina system can realize the image
pre-processing functions of contrast enhancement and noise
reduction, which are important for implementing the function
of convolutional neural networks (CNNs). Wu’s group has
reported a triboelectric nanogenerator-based intelligent
neuromorphic tactile sensor (Wu et al., 2019). By inserting
a reduced graphene-oxide layer into the friction layer, the
device can emulate self-powered neuroplasticity without
neuromorphic circuits. The device, with self-powered pressure
sensing and learning ability, can serve as a functional element
that is suitable in a pressure sensor network of the artificial
intelligence system.

PROSPECTS AND CONCLUSION

Attempts to realize memristor devices that are integrated with
various self-powered systems are a major milestone in the
field of improving the energy efficiency of memristive systems.
This research offers a completely new paradigm for reducing
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power consumption. From the multiple self-powered memristive
systems listed in Table 1, we can see that these systems show huge
advantages, especially in some special environments where it is
difficult to obtain an external power supply, such as the aerospace
industry and implantable medicine, research fields which have
attracted more and more attention from researchers in recent
years. Most of the existing self-powered memristive systems
are based on ideas of structural integration, for example, the
series connection of a nanogenerator and a memristor by wires
are two independent systems owing to their different operation
mechanisms. This impedes the integration level of self-powered
memristive systems, restricting applications of this system. It
is, therefore, necessary to develop more types of self-powered
memristive systems for novel concepts of intelligent electronics.

There are still some challenges that need to be addressed
before the practical application of self-powered memristive
electronic systems. A major challenge is reducing the size of
the self-powered nanogenerator. The configuration structure
of various nanogenerators greatly limits their integration
with memristor devices, which is a matter of concern
for multifunctional applications. In addition, a suitable
parameter matching relation between the memristor cell and
nanogenerator is significant for realizing multiple functions.
Therefore, the second challenge is optimizing the output
characteristics of the nanogenerator, including the amplitude
of voltage/current and response speed, and the third challenge
is reducing the operating power consumption of memristor
cells. Furthermore, as mentioned above, the two functional
units of self-powered memristive systems (that is, a memristor
and a nanogenerator) are connected in series by wires.
Therefore, the fourth challenge is a preferable structure
integration between memristors and nanogenerators, which
will directly affect the integration level of the self-powered
memristive systems. The last challenge is the choice of the

material of the self-powered memristive system. For example,
the materials need to possess good biological compatibility
characteristics for applications in the field of implantable
medicine, and stable radiation-hardened characteristics for the
aerospace industry.

In conclusion, the combination of the memristive device and
the self-powered system could be a potential way of realizing
multifunctional power-free storage neuromorphic computing,
which could satisfy some special needs of novel conceptional
artificial intelligence. We believe that such a self-powered
memristive system will bring about a brand-new research
area that could greatly improve the development of future
electronic technologies.
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