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Abstract: Personal, portable, and wearable electronics have become items of extensive use in daily
life. Their fabrication requires flexible electronic components with high storage capability or with con-
tinuous power supplies (such as solar cells). In addition, formerly rigid tools such as electrochromic
windows find new utilizations if they are fabricated with flexible characteristics. Flexibility and
performances are determined by the material composition and fabrication procedures. In this regard,
low-cost, easy-to-handle materials and processes are an asset in the overall production processes and
items fruition. In the present mini-review, the most recent approaches are described in the production
of flexible electronic devices based on NiO as low-cost material enhancing the overall performances.
In particular, flexible NiO-based all-solid-state supercapacitors, electrodes electrochromic devices,
temperature devices, and ReRAM are discussed, thus showing the potential of NiO as material for
future developments in opto-electronic devices.

Keywords: NiO; flexible devices; synthesis; supercapacitors; electrodes; solar cells; electrochromic
devices; temperature devices; ReRAM

1. Introduction

Personal, portable and wearable electronics have become widely used in everyday
life. Smart watches, smart glasses, fitness trackers, Bluetooth headsets are daily-life ob-
jects, which require the application of flexible electronic components. Flexible electronic
technology offers a wide-variety of applications in cutting-edge areas such as biosen-
sors [1-6], E-skin in robotics and prostheses [7], epidermal electronics [8], and biomedical
instruments [9-12]. Furthermore, tactile sensors, can be built with signal processing tech-
nologies used to interpret the measured information from tactile sensors and/or sensors
for other sensory modalities [13]. In addition, tools which are usually rigid, such as elec-
trochromic devices, may also have wider applications if they are fabricated with flexible
characteristics [14]. The assembling of these devices largely depends on the availabil-
ity of flexible powering units such as batteries [15-19] solar cells [20], electrodes [21,22],
transistors [23-27], display devices [28] conformable RFID (radio frequency identification)
tags [29], and resistive random-access memories [30]. Traditional electronics are largely
based on the integrated circuits mostly fabricated in rigid and planar semiconductor wafers,
which fueled extensive research in associated phenomena on silicon surfaces [31-41]. How-
ever, they have limited applications in manufacturing flexible electronic devices due to the
intrinsic rigidity of silicon wafers and the complex fabricating processes of its microstruc-
ture. Flexible materials, on the other hand, allow for large mechanical deformation, such as
bending, twisting, stretching, and folding, which may fit irregular, soft, or moving objects
such as human skin and wrinkled clothes [42,43]. Therefore, new materials have started be-
ing fabricated which are based on silicon nanoparticles integrated in elastomers [44], along
with advanced materials and new architecture designs [45]. Simultaneously, supercapaci-
tors with higher power density, faster recharge capability, safer operation, and longer cycle
performance have become in demand to guarantee the devices operations with additional
flexibility requirements. Materials such as graphene have emerged as a promising solution
for building efficient, flexible electrochemical devices due to its unique electronic properties
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and high optical transmittance [46-49]. However, high sheet resistance, low work function
of pristine material [49], poor mechanical properties in presence of defects [50], and high
strain limits curtail the actual graphene applications [51].

Combining flexibility requirements and enhanced performances may be achieved
by integrating nanomaterials with the desired properties with suited flexible substrates
resistant to deformations, mechanical stress, and of long duration.

Transition metal oxides and particularly NiO have the advantage of high storage
capacitance [52], optical and electrical properties [53], transport properties on surfaces [54]
as well as in perovskite solar cells [55]. Their nanoparticles synthesis may be achieved in
several, environmentally friendly ways [56—63], with several shapes, arrangements, and
super-structures [64]. Depending on the specific size and morphological characteristics,
they can be employed in the construction of several types of devices for different purposes,
which include chemosensing [65-68], supercapacitive devices [69-71], solar cells [72,73],
and resistive memories [74-76].

Integrated NiO-based flexible materials can be achieved in several ways. NiO nanopar-
ticles or thin films can be deposited on flexible materials such as PET (polyethylene tereph-
thalate) or PEN (polyethylene naphthalate) substrates; NiO nanoparticles can be embedded
in the flexible materials in the preparation phase, and NiO leagues can be de-alloyed [77]
with a specific procedure that ensures ultimate pliability.

In the present mini-review, an overview of NiO synthetic methods and properties are
reported as well as recent progresses in the fabrication and performances of NiO-based
flexible devices. In particular, the latest constructions will be presented of NiO-flexible
supercapacitors, electrodes, electrochromic devices, solar cells, temperature sensor devices,
and resistive random-access memory.

2. Synthesis and Properties of NiO Nanoparticles and Thin Films

The NiO synthetic procedures largely condition its properties and make it suitable
for different applications. Solvothermal (including sol-gel) and hydrothermal syntheses
are among the most largely used methods, since they usually provide a facile way to
tune size and shape of the NiO particles. Several parameters can be varied in both cases,
such as type of Ni salt, type of base, temperature, solvent, and possible employment of a
template. The employment of an autoclave also influences the course of the reaction due to
the vapor pressure in a sealed vessel. Finally, the calcination phase, which typically follows,
also plays a role, since it can shape the material depending on the temperature ramp and
final temperature.

In addition, the phytogenic synthesis has become an interesting variant of the sol-gel
method, where leaf extracts of plants such as G. Sylvestre [78] or Ageratum conyzoides L. [79]
are used to form a gel which is to be removed during the calcination phase. NiO thin films
can be achieved through several techniques: RF sputtering, electron beam evaporation, DC
magnetron sputtering, anodic and cathodic electrodeposition, chemical vapor deposition,
and nanoparticles electrospray [80]. A sketch of common synthetic pathways of NiO is
reported in Figure 1, along with two examples of NiO thin film synthesis.

Finally, the dealloying technique has been successfully employed for achieving all-
solid flexible materials, starting from various metals and metal oxides as an implementation
of the achievement of flexible porous gold by the removal of silver from a gold-silver alloy
with nitric acid [81].
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Figure 1. Sketch of the most common preparation methods of NiO nanoparticles and thin films:
(a) phytosynthesis, (b) precipitation; (c) hydrothermal synthesis, (d) electrospray of nanoparticles to
achieve thin film, (e) an example of RF sputtering technique for thin film synthesis. The blue and
orange balls represent Ar and O, gases.

The type of conditions employed in the synthesis reflect onto the NiO properties.
There are several examples of tuning the NiO features via the employment, for instance, of
different types of bases which may influence the precursors structural parameters, such as
the planar distances. The NiO morphology and the ensuing capacitance can be influenced
by the calcination procedure [52,64,82]. The size of NiO nanoparticles is directly correlated
to the band gap and can be estimated through the Brus relationship for spherical shapes [83].
Similarly, size and shape of the nanoparticles impact the NiO capacitance which is among
the mostly exploited properties. Other relevant properties useful for building devices are
the resistance variation with the temperature (Seebeck effect), the refractive index variation
as a function of light wavelength, the hole mobility, and the resistance variation upon
voltage application, which can be used for temperature devices, electrochromic devices,
solar cells, and ReRAM, respectively.

The employment of NiO, either as nanoparticles or as thin layers in the actual construc-
tion of the various devices requires the embedding of NiO into matrices or the deposition
on supports and ensuing incorporation in the device, with associated issues of integration
feasibility and configuration design. The interaction NiO-matrix or NiO-support may
influence the NiO properties through synergistic effects. Furthermore, the flexibility re-
quirement may introduce the deterioration upon deformation, thus affecting the overall
properties of the devices.

In Table 1, a few examples of capacitance dependency of NiO from morphologies as
well as matrix and coating interactions are reported.
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Table 1. Capacitance of NiO with various morphologies and composites.

NiO Morphology Capacitance Reference
Nanoparticles 423 F/gat0.5mA/ cm? [84]
Nanoparticles 1012 mF/cm? at 1 mA /cm? [85]

Nanowires 670F/gat1A/g [86]
Nanoplates array 1124 F/gat2 A/g [87]
Microspheres 1482 F/gat05A/g [88]
NiO Composites
NiO@CeO; (5 wt%) Flower-like microspheres 2155.6F/gat1A/g [89]
NiO@CNT Particles 2480F/gat0.5A/g [90]
NiO-GNS/PANI 1409F/g [91]
NiO/GNS 1050 F/g [92]
M-NiO-G//AC 154.0F/g [93]

The employment of NiO on a large scale needs to be offset against major drawbacks
such as allergenicity and toxicity. In contact with the skin, NiO can cause allergic reac-
tions [94] which is a problem for wearable devices exposing NiO on the external layer.
Furthermore, it is especially harmful when inhaled [95], since it can induce an increased
risk of lung cancer, as observed in epidemiological studies on rats [96]. In addition, the
pouring out of NiO in waters and its bio-accumulation can represent an environmental
hazard [97].

3. NiO-Based Flexible Devices

The usage of flexible, personal, portable, and wearable electronics and devices is
subjected to the availability of similarly flexible storage apparatuses for power supply.
Therefore, the first part of the mini-review is dedicated to the state-of-the-art NiO-based
supercapacitors and electrodes (Section 3.1). Recently developed NiO-based flexible devices
will be described in the following Sections 3.2-3.5.

3.1. Supercapacitors and Electrodes

Good flexibility as well as good electrochemical performances are achieved with NiO
based cable-like all-solid-state flexible supercapacitor (CAF) [98]. In a recent report, a highly
flexible electrode was constructed by achieving a sandwich of an interlayer of metallic glass
(MG) and two outer layers of nanoporous nickel coated with nickel oxide/hydroxide (np-
NiOxHy@Ni). The assembling of the sandwich was achieved in several steps, schematically
reported in Figure 2. Metallic glass ribbons were obtained by arc-melting of pure metals
(99.99 wt.%) under argon to yield the master alloy of NiggZrpoTis, followed by rapid
quenching of the re-melted alloys onto a spinning copper roller [99,100] (Figure 2a). The
outer layers were generated by immersing the as-spun ribbons in 0.05 M HF solutions for
4 h at 298 K to synthesize sandwich-like flexible np-NiOxHy@Ni/MG /np-NiOxHy@Ni
composite electrodes (Figure 2b). Cable-like all-solid-state flexible supercapacitors (CAFSs)
were prepared by soaking the nanoribbons in a gel obtained by heating an aqueous solution
of PVA/KOH (Figure 2c). Then, two ribbons were twined on a rubber rod in the opposite
direction and coated with gel electrolyte (Figure 2d). Finally, the CAFSs were prepared by
wrapping with a thin cling film. Electrochemical measurements indicate that the electrode
is essentially a battery-type material, also exhibiting pseudocapacitive behavior with a
capacitance of 778 Fcm 3 at 1 A cm 3 in KOH solutions and a retention of 80.3% when
the current density increases by 128-fold, as well as a cycle stability of 100% capacitance
retention after 8000 cycles.
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Figure 2. Scheme of the synthesis of sandwich-structured NiO-based flexible electrode and subse-
quently assembling of CAFS device (Reproduced from [98]. Copyright 2020, Elsevier: (a) Ni-based
MG ribbon, (b) sandwich-like flexible electrode, (c) flexible electrodes after coating with PVA-KOH
electrolytes, (d) flexible cable-like structure. (e) flexible all-solid-state symmetric supercapacitor.

The flexibility of the CAFSs was tested by performing cyclic voltammetry (CV) mea-
surements with electrodes subjected to bending or twisting. The capacitance slightly
increases by bending a 4 cm long electrode, until the distance between the extremes reaches
2 cm (nearly a U shape). With a further decrease of the distance, the capacitance slightly
reduced. A capacitance retention of 96.4% could be obtained when the electrode was
twisted into a shape of an “8”. In addition, a capacitance retention of 92.4% was obtained
after 1500 bending cycles.

Dealloying was also used for preparing a flexible Co(OH), /NiOxHy@Ni hybrid [101]
with interwoven Co(OH); nanopetals electrochemically deposited on the skeleton surface of
np-NiOxHy electrodes. This was achieved by electrodeposition, using a three electrode cell
immersed in a Co(NO3),-6H,0 aqueous solution, where np-NiOxHy@Ni substrate acts as
working electrode, a platinum plate is used as counter electrode and Ag/AgCl as reference
electrode. Owing to the hierarchical porous structure and synergetic effect of Co(OH), and
NiOxHy electroactive materials, the Co(OH), /np-NiOxHy@Ni hybrid electrode delivered
a voltage window of —0.1~0.6 V and a specific capacitance of 1421.1 Fcm 3 at 0.5 A cm 3,
higher than the single transition-metal electrodes. Mounted on a watch, the supercapacitor
could guarantee 45 min autonomy while being subjected to different deformations.

NiO-Plastisol Electrodes

Cheap, practical, flexible free standing electrodes were achieved by mixing synthetic
graphite, with plasticizer agents (i.e., high molecular weight polyvinylchloride powder
(PVC), bis(2-ethylhexyl)adipate (BEA) and THF [102]), followed by stirring, sonication,
and solvent evaporation at room temperature overnight. NiO nanoparticles could be
incorporated into the free-standing electrode by mixing them to the slurry, prior to the
evaporation phase [103]. The resulting electrodes displayed a quite homogenous distri-
bution of nanoparticles. Furthermore, NiO of different shapes and morphologies and at
variable concentrations could be included.

In Figure 3A through c, the flexible NiO-decorated free standing electrode is shown. It
can be cut with scissors (Figure 3A) in any kind of shape and size (Figure 3B), the original
dimension being solely dependent on the size and shape of the glass tray hosting the
slurry during the evaporation phase. Different morphologies of NiO were achieved by
varying the synthesis condition, in particular the precipitating agent and the calcination
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temperature. More in detail, triethylamine, NaOH and urea reacted with Ni(NOj3), to yield
Ni(OH),, converted into NiO by calcination at either 400 °C or 600 °C. The corresponding
samples were labelled A (triethylamine), S (NaOH) or U (urea), followed by a 4 (400 °C) or
6 (600 °C). Overall, A4, A6, S6 and U6 NiO-decorated plastic electrodes were implemented
for non-enzymatic amperometric detection of HyO, in milk. The A4-NiO/plastisol dis-
plays the highest current density of all probed electrodes in response to HyO, detection.
This also corresponded to the best NiO dispersion within the plastisol matrix, though
still retaining its original flower shape, as it can be appreciated at the backside of the
electrode (Figure 3C—A4). A selection of SEM images of the flexible NiO-doped electrodes
(front- and backside) is reported in Figure 3C. When probed on commercial milk, the
A4-NiO/plastisol electrode reached a LOD of 5 uM and a linearity range up to 4 mM.

Figure 3. Flexible NiO-based plastisol free-standing electrode. (A) Photograph of the flexible,
croppable electrode. (B) An example of a customized shape of NiO-plastisol sheet and an indication
of the dimensions. (C) SEM images of front and back sides the NiO-plastisol electrodes obtained with
NiO of different morphologies (Reproduced from [103], with modifications).

3.2. Resistive Random Access Memory

Resistive random access memory (ReRAM) is considered the most promising among
the flexible non-volatile memories (NVMs) due to its simple metal-insulator-metal (MIM)
structure, high switching speed, low power consumption, low operating temperature, and
high packaging density. Flexible ReRAM is essential in smart wearable electronics and all-
in-one fully flexible electronic system, since flexible memory is a fundamental component
for data processing, storage, and communication with external devices.

NiO based ReRAM has the advantage of stable switching properties at specific condi-
tions, lower operation set/reset current and forming voltage in comparison to other metal
oxides. A flexible NiO ReRAM device with good operation characteristics was achieved,
based on a solution process using NiO nanocrystals (NC), on flexible PET substrate [104].
The construction of the ReRAM devices consisted in the deposition of a 100-nm-thick plat-
inum (Pt) and a 20 nm-thick titanium (Ti) adhesion layer on a polymer substrate using an
e-beam evaporator. A dispersion of NiO-NCs and isopropyl-alcohol (IPA) was dropped on
the flexible PET substrate, and the NiO-NC solution pressed by a poly—dimethylsiloxane
(PDMS) mold while heating at 80 °C. The excess of coated NiO-NC solution leaking out,
as well as the residual layer, were removed and the PDMS mold was demolded from the
substrate, leaving a NiO nanopillar array fabricated on the substrate without NC residue.
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The electric signal and bias voltage were probed by a Pt/Ti-coated Si AFM tip contacted on
nanoscale ReRAM devices, by applying a voltage on the top electrode, while the bottom
electrode was grounded, and the resistance values of the NiO ReRAM were read at 0.01 V.
The flexible NiO ReRAM device exhibited unipolar resistive switching behaviors corre-
sponding to those of an evaporated NiO thin film. The switching behavior was initiated at
11 V with 0.04 V and 1 pA current compliance by a conductive filament forming operation.
For the reset switching of the NiO flexible ReRAM, the voltage was swept from 0 Vto 5V
with 0.02 V. The resistance of the NiO ReRAM device changed from 102 () to 107 Y at 2.4 V
for reset switching, and the set switching was operated in reverse at 3.4 V. The flexibility of
the device is demonstrated by a nearly 180° bending as shown in Figure 4, along with the
SEM imaging indicating the NiO-NC patterning of the PET substrate.
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Figure 4. SEM image of a flexible NiO ReRAM device on flexible PET substrate. (Reproduced
from [104], Copyright 2021, Elsevier).

3.3. Electrochromic Devices

Electrochromism is the reversible color change of an electrochromic device (ECD) un-
der an applied voltage. NiO is among the transition metals reportedly displaying the best
electrochromic properties as anodic material, though associated drawbacks may be a low
optical modulation, short-term stability, and slow switching time. These pitfalls can be over-
come by modulating the NiO properties through synthetic strategies. A facile solid-state
strategy for the preparation of NiO particles [105] foresaw a solid-state calcination of nickel
acetate dihydrate at 600-900 °C, followed by NiO ink preparation by mixture with solvents
(chlorobenzene, a 2:1 isopropanol-water mixture, or chloroform) sonication and sedimen-
tation. According to this procedure, the ink was subsequently spin-coated on cleaned
ITO glass and flexible Ag/PET substrates. The latter, in particular, was achieved by sub-
sequently coating AgNanoWire (AgNW), poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT: PSS, 5 wt% in ethanol) and NiO ink onto the PET substrate. Analogous
films were synthesized using WO; particles. Devices were built using a NiO film as work-
ing electrode and PEDOT:PSS/AgNW /PET or WO3—coated PEDOT: PSS/ AgNW /PET as
the counter electrodes. The NiO and NiO/WQOj3 ECDs on ITO substrate exhibited a trans-
mittance variation of AT = ~84% at 700 nm between —3.0 and 0 V. The flexible NiO/WO3
device achieved AT = ~38% at 700 nm between 2.0 V-0 V for, indicating a potentially use in
smart windows and optical devices.

The properties of NiO can be modified by doping, for instance with tungsten to achieve
Ni;_, WO, which is suitable as anode in electrochromic devices. In this framework, the
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employment of doped oxides required a preliminary optimization procedure to determine
the most suited Nij_WxO composition. To this purpose, the electrochromic properties
of Ni;_,W,O were evaluated by varying the W atomic percentage in a range between 0
and 20% and performing measurements in lithium perchlorate and propylene carbonate.
Enhanced cycle stability with moderate optical modulation was obtained for a Nij_,Wy
oxide film with at x = 0.024 [106]. Flexible electrochromic devices employing Ni;_ WO
were fabricated on a PET substrate with monolayered graphene as a platform, thus creating
stacked layers of PET, ITO, graphene, WO3; and Ni;_,WO thin films. In particular, the
flexible electrochromic device was achieved by growing a single layered graphene on
Cu foil (99.8%) by rapid thermal chemical vapor deposition (RTCVD). A procedure of
DC magnetron sputtering at RT and subsequent post-annealing process at 250 °C was
used to fabricate highly crystalline ITO (c-ITO) on graphene/Cu foil with a thickness
of 60 nm, which was afterwards continuously transferred onto a PET substrate. The c-
ITO/graphene/PET electrode showed a sheet resistance of ~45 ()/sq and a transmittance of
~92% at a wavelength of 550 nm. The flexible EC devices were fabricated by laminating the
WO; film and optimizing the Nig 976 W0 0240 film deposited on the c-ITO/graphene/PET
substrate, using Li-based polymeric solid-state electrolyte. The flexible EC device showed
stable cycling performances, maintaining an optical modulation of AT ~ 40%. In addition,
the flexible EC device showed stable optical modulation, with a ~2% reduction after
1000 cycles.

3.4. Temperature Devices

Flexible, resistive temperature detectors (RTDs) allow temperature measurements in
wearable devices. In addition, the coupling to RFID converts them into wireless sensors
which can be used for checking the body temperature, short-life span food and medications.
The main requirements of such devices are a high and linear temperature coefficient of
resistance (TCR), high resistance to bending and deformation and simplicity of design
and measurements. A Ni/NiO based resistive temperature detector (RTDs) was proposed
with such characteristics, based on the layered deposition on a PET fiber [107]. The device
was fabricated by depositing a Ni/NiO bilayer on a bare cylindrical PET fiber pre-treated
by sonication in acetone for 10 min, followed by sonication in methanol for 10 more min,
washing and drying. NiO and Ni were deposited on the rotating PET fiber substrate
by Radio Frequency magnetron sputtering, ensuring simultaneous argon and oxygen
flow for NiO deposition and argon flow for the Ni thin film second coat. Resistance
variation measurements with the temperature indicated that the device had a TCR of
3.8 x 1073 °C~! and a linearity of 0.9852. The bending process simulated movements
through daily activities. After 16,000 bends the TCR of the device was 1.0 x 10~4°C1
with a linearity of 0.9065. Additional tests were performed washing with tap water and
laundry detergent and exposing to acidic and basic environment. The electrical properties
including resistance, TCR and linearity of slope remained unaffected when subjected to the
different conditions. Moreover, the device maintained about 75% of the original TCR after
being exposed to an acidic medium.

3.5. Solar Cells

Flexible inverted perovskite solar cells (PSCs) are achieved using a glass/ITO substrate
as conductive transparent layer, and NiOy as an effective hole-transport material. Several
variants were probed, with the purpose of achieving a high-power conversion efficiency
(PCE) while keeping flexibility. Compared to normal PSCs, inverted flexible PSCs are light
weighted, compatible with different surfaces, and portable, thus meeting the demands
of the electronics industry [108,109]. Their further development, however, depends on
the quality and characteristics of the hole transport layer (HTL). In this regard, NiOy is a
promising candidate, owing to its low-temperature processing and good electron-blocking
ability. In a relatively simple construction [110] NiOx nanofilms were deposited on ITO-
PEN by spin coating from a high quality NiOx nanoparticle solution pre-synthesized by
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precipitation. Perovskite was deposited on top of the NiOy layer by spin coating, after
achieving a precursor by reacting Pbl, and CH3NH3I in a mixture of DMSO and DME,
dripping chlorobenzene during spinning and baking at 100 °C. A thin layer of phenyl-C61-
butyric acid methylester and a layer of Ag 150 nm thick completed the inverted planar
heterojunction solar cells. The as-prepared NiOy films had excellent hole extraction and
electron blocking property, thus providing a good hole contact for perovskite solar cells. A
maximum PCE of 16.47% (steady state PCE of 16.21%) was achieved for the NiOy-based
perovskite solar cell on the ITO-PEN glass substrate.

In order to improve the band structure alignment between low-temperature-processed
NiOy and the perovskite layer, amino-functionalized graphene quantum dots (AGQDs)
were included in the NiOy film as a dual-role additive. In addition, the AGQDs can provide
abundant N atoms at the modified NiOx layer surface to enhance the crystallization of
the perovskite film by a Lewis base-acid interaction. On the other hand, the AGQDs can
optimize the band structure alignment between the NiOy and perovskite layers, facilitating
hole extraction at the NiO, /perovskite interface [111]. The overall building up of AGQDs-
aided NiO/peroskite flexible solar cells requires the separate synthesis of AGQDs, NiOy ink
and subsequent assembling on PEN/ITO substrate after etching. More in detail, AGQDs
were achieved by RT reaction of graphene sheets with ammonia, followed by autoclave
treatment at 150 °C for 5 h and dialysis of the cooled solution. NiOy was prepared by
reaction of Ni(NOj), with NaOH at pH 10, drying of the precipitate at 80 °C and calcination
at 275 °C for 2 h. The pristine NiOy ink was prepared by dispersing 20 mg of NiOyx powder
in 1 mL of deionized water. AGQD-doped NiOy inks were obtained by directly mixing
AGQD aqueous solutions with the pristine NiOy ink. The pristine and AGQD-doped NiOy
inks were spin-coated on the flexible substrates, heated at 120 °C for 15 min and transferred
to a Np-filled glovebox to prepare the perovskite films. The resulting inverted flexible
PSC was subjected to automatic bending and exhibited an efficiency of 18.10%, good air
stability, retention of 88% of its initial efficiency after continuously bending 1000 times and
a retention of 64% of the initial efficiency after 30 days.

4. Electronic Flexible Devices Based on Other Oxides

Flexible supercapacitors are typically achieved by embedding an active material in a
flexible support, usually a carbon-based material, including active carbon, graphene, carbon
nanotubes, aerogel and hydrogels [112,113], unless techniques such as the dealloying can
be applied. More recently, the use of paper supports was implemented for one-time only
devices [114]. Several transition metal oxides (TMO), alone and in association with conduct-
ing polymers, were probed on flexible supports to achieve supercapacitors. ZnO/carbon
nanofibers attained by electrospinning showed a specific capacitance > 100 Fg~! and
retention capability of 93.90% after 2000 continuous charge/discharge cycles [115]. A
porous carbonized cotton/ZnO/CuS composite electrode showed a specific capacitance of
1830 mF cm~2 at 2 mA cm ™2 and 74% retention with the current density increasing from
2 to 10 mA cm 2 and a loss of 14.8% of the initial capacitance after 5000 cycles [116]. An
Fe;O3/Graphene aerogel hybrid electrode was used to build a highly flexible all-solid-state
symmetric supercapacitor device, which could be bent by several angles providing a high
specific capacitance, i.e., 440 Fg~! and 90% capacitance retainment over 2200 cycles [117].
Confined anatase TiO; nanoparticles were achieved in conductive activated carbon inter-
connected nanopores. The assembled cells with porous carbon cathodes displayed a specific
capacity of ~140 mAh g~! at slow charge and ~60 mAh g~! at a 3.5 s fast charge [118].
Compared to the most recent NiO-based supercapacitors or electrodes, these systems show
either a slightly lower performance or lower retention of properties upon deformation.

Flexible temperature devices have been fabricated using many different types of active
materials on flexible supports deposited with different techniques. The most common
active materials in temperature sensors are Pt and Au. They were deposited on a polyimide
film after a peeling process, for monitoring the temperature in the range 20-120 °C and
displayed a TCR value of 0.0032 °C~! [119]. Cr and Au thin layers were sputtered on
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pre-stretched PDMS to minimize the tensile strain [120] and create a reversible bendable
and stretchable flexible temperature device.

Ag lines on polyimide were evenly distributed by inkjet printing and constituted a
bendable and flexible sensor for measuring body surface temperatures in the 20-60 °C
range, with an average sensitivity of 2.23 x 103 °C~! and less than 5% hysteresis [121].

ReRAMs are typically constituted of a top and a bottom electrode interlayered either
by a semiconductor or by an insulating layer. The ReRAM performances are usually
related to the interlayer, though the choice of the electrodes also plays a role. As for the
interlayers, they are usually categorized into two groups, namely organic and inorganic.
The organic interlayers include, among the others, silk protein/fibroin, nanocellulose and
albumen [122-124]. These devices, however, tend to be rather humidity sensitive and not
very stable in long terms operations. Metal oxides are typical inorganic interlayers, and a
vast amount of electrode interlayer combinations was probed. Bipolar ReRAM devices were
achieved, for instance, based on Pd/HfOx-Ag NPs/TiN [125], or Ag/MnO-Ta,Os5/Pt [126].
The former operates at a set voltage of 2.2 V and reset voltage at —2.2 'V, the latter at a set
voltage of 0.8 V and reset voltage at —1.1 V. Unipolar ReRAM are more difficult to achieve.
Some examples are provided by Al/HfOy /Al (set voltage 1.8 V, reset voltage 0.8 V) [127]
and Pt/ZnO/Pt (set voltage 1.1-2.3 V, reset voltage 0.4-1 V) [128]. The issue of flexibility
of ReRAM, however, is difficult to tackle, also due to the necessity of incorporating the
electrodes in the device. This was achieved, so far in a Ni/Sm,O3/ITO device, which can
operate at very low power (set: 0.25V, 100 pA and vice versa, reset: 0.20 V, 49 pA) [129]
or more recently with Ag/Au-chitosan/Au (bipolar, set voltage of 2.5 V) [130], which is
biocompatible, but does not overcome the costs and fabrication related issues.

The development of flexible electrochromic devices is connected to the possibility of
achieving a uniform layer of color changing material on a flexible substrate, capable of
retaining the properties under stress and over time. Besides NiO based materials, recent
developments were achieved using 2D TiO, /MXene heterostructures on PET [131]. More
in detail, TiO,/TizCyTx heterostructures were employed where the Ti3CyTy film serves
as the transparent conductive electrode, and the TiO; film serves as the EC layer in EC
devices. The heterostructure was prepared through an aerogel formation, dispersion in IPA
and ensuing deposition on the substrate. At 550 nm, the transmittance variation reaches
its maximum at around 60%, and it is largely retained upon 1000 EC cycles (92%), thus
offering a practical alternative to NiO based EC devices.

A different issue is the employment NiO in perovskite flexible solar cells since it is a
rather standard layer for the hole transport and difficult to replace.

On average, NiO-based devices have the advantage of a low cost, especially when
compared to Au/Pt based thermometers, or to HfOx ReRAM, as well as a better reten-
tion of properties upon deformation. In addition, NiO-based devices have more stable
switching properties.

5. Future Perspectives and Conclusions

Flexible devices are largely in demand due to the rising tendency for good fitting,
comfortable, easy-to-use tools and materials, which can feed the creativity of fashion
designs. In addition, practicality, improved operativity and portability of smart devices for
well-being aid the monitoring of vital parameters for personalized drug-delivery based on
actual needs (all-in-all helping to maintain a healthy lifestyle).

To a larger scale, modern, eco-sustainable architecture requires the use of materials
which are adaptable, versatile, and energetically self-standing. The future development of
flexible devices is very much connected to the development of integrated flexible compo-
nents with homogenous characteristics of durability which ensure the proper functioning
of the devices, a low-cost production and can be easily recharged if necessary. In this
framework, some recently developed flexible tools were presented based on NiO as low-
cost active material, which can give rise to improved flexible technology for the pursue of
personalized items and tailored devices.
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NiO-based flexible supercapacitors may b achieved by the de-alloying, a technique
that allows the fabrication of all-solid-state devices with associated advantages over the
employment of liquid electrolytes (which may be affected by leakage and transport issues).
These devices are characterized by a capacitance comparable to analoguesbased on 2D
materials and higher resilience to repeated bending and deformation cycles [132]. The
embedding of NiO is fundamental to enhance the electrochemical response of the plastisol
towards specific targets such as HyO,. Overall, the hybrid NiO-plastisol material has
performances, to some extent, comparable to other non-flexible electrodes (see Table 3 in
Ref. [103]), with the additional advantage of its flexibility.

The examined NiO flexible temperature device showed a large resistance to harsh
basic and acidic conditions (as compared, for instance, to graphene ribbons-based devices)
and less sensitivity to the oxidative conditions in the synthesis procedure (which affects the
reproducibility of the production of graphene derivatives-based devices) [133].

Flexible resistive random-access memory devices are usually achieved by employing
a supple support topped by an active layer. Several options were suggested as active
material, such as black phosphorous [134] or graphene oxide [135]. However, in both
cases, limitations arise from the difficulty of handling the material in safe conditions or to
achieve stability and/or stable performances (in addition to the employment of expensive
connection Au layers) [135].

NiO-based electrochromic devices have better optical contrast, shorter coloring and
bleaching times as compared to other inorganic analogues such as Ag-nanowire based
ones [136], and cheaper manufacturing, due to lower cost of production materials.

For solar cells the use of NiO is, in a way, essential, since it is routinely used as HTL,
the real challenge being the insertion of the NiO component in flexible structures while
keeping or improving the conversion efficiency.

However, the manufacturing techniques may strongly impact the performances of the
electronic devices. The retention of properties and consequent scalability of the processes
is usually more favorable for flexible materials prepared by physical deposition methods.
However, these are lengthy and costly procedures. Therefore, the development of solution-
processable materials is preferred for device assembling. In this regard, the molding as well
as the ink deposition and printing techniques are the most promising for the fabrication
of devices. Furthermore, a correct assessment of the performances upon stress would
require several deformation tests, including stretching and compression (besides bending),
especially for the electronic materials destined to wearable devices. Therefore, a complete
evaluation of performances under stress is advisable for the planning of a device.

In general, NiO provides the benefits of a low-cost material, which can be easily
adapted to the specific needs through tailored synthetic pathways. The use of NiO may
be of source of concern when included into devices which come in contact with the skin
since it can induce allergic reactions. Furthermore, it can be considered a bio-hazard since it
enhances the risks of lungs cancer. Therefore, sealing must be ensured of the NiO containing
component to avoid leakage and ensuing adverse responses.

In summary, NiO-based flexible devices provide quite often a practical, efficient,
resilient, and low-cost option to fulfill the increasing demand of flexible technology.
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