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Abstract

:

Miniaturized energy storage devices, such as electrostatic nanocapacitors and electrochemical micro-supercapacitors (MSCs), are important components in on-chip energy supply systems, facilitating the development of autonomous microelectronic devices with enhanced performance and efficiency. The performance of the on-chip energy storage devices heavily relies on the electrode materials, necessitating continuous advancements in material design and synthesis. This review provides an overview of recent developments in electrode materials for on-chip MSCs and electrostatic (micro-/nano-) capacitors, focusing on enhancing energy density, power density, and device stability. The review begins by discussing the fundamental requirements for electrode materials in MSCs, including high specific surface area, good conductivity, and excellent electrochemical stability. Subsequently, various categories of electrode materials are evaluated in terms of their charge storage mechanisms, electrochemical performance, and compatibility with on-chip fabrication processes. Furthermore, recent strategies to enhance the performance of electrode materials are discussed, including nanostructuring, doping, heteroatom incorporation, hybridization with other capacitive materials, and electrode configurations.
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1. Introduction


The global consumer markets of artificial intelligence (AI) and internet of things (IoT) technology are expanding rapidly, thanks to wireless microsensor networks, wearable and implantable microelectronics, and other smart devices. These technologies find applications in home automation, medical control, space and defense surveillance, agriculture, environmental monitoring, unmanned aerial vehicles (UAVs), and industrial process tracking. However, the full autonomy of these wirelessly interconnected microelectronics is constrained by self-powering mechanisms, a major drawback of the technology. To overcome this limitation, energy scavenging/harvesting techniques such as solar cells [1,2] and nanogenerators [3,4] are used to harness and utilize ambient energy sources [5]. Intermittent and unstable energy generation sources necessitate complementary micro-energy storage technologies to capture the energy generated and deliver it on demand to mitigate discontinuity, periodicity, and indeterminacy [3,4,6,7,8,9]. Presently, the IoT industries are constrained by on-chip energy supply, which hinders their ability to meet the fast-growing consumer markets. Therefore, there is an urgent need for the expeditious implementation and improvement of on-chip electronics power sources to ensure self-powered and maintenance-free systems with minimal human intervention. By addressing these energy constraints through careful design, optimization, and management strategies, IoT industries can create devices that deliver the desired functionality while maximizing energy efficiency and minimizing operational costs.



In recent years, microelectronic systems have continued to evolve towards ultra-miniaturized, flexible, aesthetic, versatile, and integrable devices in ultra-low form factors; they require commensurate features with on-chip electronics energy storage/supply modules [8,10]. The ongoing efforts to meet the energy requirements are enabled by technological advancements in system-on-chip (SoC) and system-in-package (SiP). SoC integrates multiple components of an electronic system into a single millimeter-sized silicon chip, and SiP incorporates various SoC components, such as sensors, data management units, radiofrequency transceivers, and energy supply units, into a single module to optimize space utilization. These technologies demand stringent requirements on the form factor of the on-chip energy supply unit, leading to the miniaturization of traditional energy storage systems like electrostatic capacitors, electrochemical capacitors or supercapacitors, and Li-ion batteries.



Miniaturization of classical energy storage systems through advanced microfabrication technologies has been remarkably prioritized in the expedition to meet the on-chip energy needs for IoT applications. The on-chip energy storage devices are miniaturized power sources integrated directly and seamlessly onto semiconductor chips to provide localized power supply solutions for various electronic devices, including IoT devices. They are designed to be compact with a footprint close to several square millimeters and the footprint of the electrode in the range, depending on the power/energy storage capacity and form factor requirements [1,6,9,11,12]. Considering the ultra-low form factors, downsizing the components of the energy storage devices, particularly the active materials (i.e., electrode materials/dielectrics), will inevitably jeopardize the energy and power deliveries since the performance of the device strongly relies on these materials [6,13,14,15,16,17,18]. As such, the energy and power densities are critically dependent on the electrode materials or dielectric properties, such as specific capacity/capacitance, rate capability, cycling stability, dielectric constant, voltage breakdown (in the case of electrostatic capacitors), and also the topology or configuration of the device [6,18].



The recent cutting-edge on-chip energy storage microsystems technologies have been focusing on engineering and developing new functional materials, innovative electrode design, and advanced microfabrication processes to concomitantly enhance the energy and power densities, aiming to improve the system performance, efficiency, and reliability in order to surmount the constraints of on-chip energy supply restricting the IoT industries to meet the fast-growing consumer markets. Miniaturized electrostatic capacitors (micro-capacitors), micro-supercapacitors (MSCs), and microbatteries (MBs) have drawn considerable attention as on-chip electronics energy storage systems. Recently, several authors have conducted reviews on emerging functional materials such as anode, cathode, and solid electrolyte materials used in MBs and provided state-of-the-art technologies [19,20,21,22,23,24,25,26,27,28,29,30,31,32]. The present review focuses on emerging (pseudo)capacitive materials used in electrostatic (micro-) capacitors and MSCs.



Electrostatic Metal/Insulator/Metal (MIM) (nano-/micro-) capacitors in silicon technology are essential components of any power distribution network in microelectronics; not only do they provide power to the microdevices, but they also subdue voltage instabilities [10]. They are known for delivering ultrahigh power density and ultra-fast charge/discharge rates, making them suitable for many high-power microelectronic systems, including DC/AC converters [33] and dynamic random-access memory (DRAM) circuits [34,35,36,37]. Apart from correcting the power factor, they are widely utilized in bandpass filters [38,39], and they can also perform specific functions, such as timing and decoupling. Their aim is to respond instantaneously to current peaks in the electrical circuit to which they are connected when used as decoupling elements [40]. They, therefore, reduce variations in the supply voltage, providing (very quickly) the amount of current needed to keep the voltage constant. They can be directly integrated via (i) conventional (2D heterogeneous integration of chips next to each other), (ii) on silicon interposers (2.5D integration, coupling the concept of side-by-side and 3D chip integration), or (iii) in 3D integration (vertical stacking) for optimal integration densification. However, the energy density is extremely low compared with MBs and MSCs, as revealed in the Ragone plot in Figure 1; this impedes its use in many applications compared to MSCs and MBs microdevices [36]. Nevertheless, the advantages of the micro-capacitors could be leveraged when coupled with other energy storage micro-devices, especially the MBs, to improve the overall performance and efficiency of the energy storage and delivery system; this configuration could enable ultrafast energy storage and release, commonly desirable in applications requiring high pulse discharge or high peak power, which MBs alone might not efficiently offer due to their typically much slower charge/discharge rate, though maintaining a steady energy supply [10]. On the other hand, micro-capacitors could serve as a stabilizer for MB’s output (power supply) in applications that require consistent power delivery to smooth out fluctuations in voltage and current. Coupled with a Li-ion battery in a smartphone or a Li-ion micro-battery within a miniaturized connected object, a 30% gain in (micro-) battery life is expected [41]. Note that surface-mount capacitors (SMDs) are too bulky to cope with this need for miniaturization.



On the other hand, MSCs are miniaturized electrochemical capacitors that operate on the same principles as traditional supercapacitors; they offer higher capacitance and energy density but lower power density, rapid charge/discharge rates, and a longer cycle life compared with electrostatic (micro-/nano-) capacitors [42,43]. MSCs are a bridge between devices operating with short charge–discharge times (<0.1 s) and those with longer discharge times (>0.1 h) under and over which electrostatic (micro-/nano-) capacitors and microbatteries, respectively, find their niche [44]. The Ragone plot relates the energy density (E) and power density (P) for the micro-energy storage devices, using the numerical values to allow a performance comparison exhibited by different devices. The performance requirement of MSC depends on the intended applications. Nevertheless, it is important to take into account the collective fabrication of MSC at the wafer level and subsequently process compatibility with micro-/nanoelectromechanical systems (MEMS/NEMS) technology instead of lab prototyping in order to facilitate the technological readiness level of such MSC [6].



The material selection process is crucial to enhancing energy storage performance, especially for on-chip integration, considering factors such as energy density, power requirements, form factor requirements, and microfabrication techniques. Additionally, the properties of the functional capacitive materials (e.g., specific capacitance) are the main drivers of the energy and power densities of a capacitor (whether electrostatic or electrochemical). The energy stored (E) in a capacitor and the rate at which it delivers the energy (i.e., charge/discharge rates; power density) are important performance metrics; the energy is expressed as a function of both the capacitance (C) and the cell voltage (V) (Equation (1)) [40,45].




   E =  1 2  C  V 2    



(1)





Another important performance metric to evaluate the charge/discharge rates of energy storage devices is the time constant (τ), which is the time required for the capacitor to charge/discharge in response to a step change in voltage [46,47]. The time constant is highly influenced by the material properties and is often determined to identify the materials that are capable of retaining high capacity at high charge/discharge rates by providing insights into the device’s response time. It is calculated as the product of the equivalent series resistance (ESR) and capacitance (C), as expressed in Equation (2).




   τ =  R  ESR   · C   



(2)





Materials that are capable of retaining high capacity at high charge/discharge rates typically exhibit low ESR and high capacitance [48]. Low ESR minimizes energy losses and heat generation during charge/discharge cycles, while high capacitance gives rise to storing more amounts of energy. The relationship between the various devices’ energy and time constants is shown in Figure 1b. However, the overall performance of MSCs, for instance, is influenced by two main factors [47]—the choice of the active electrode materials, which define the capacitance of the device, and the electrolyte, which determines the operational voltage. When evaluating electrode materials (and/or electrolytes) for MSCs, it is essential to consider their properties, such as electrical conductivity, surface area, pore structure, and ion transport kinetics [47,48].



Materials with high electrical conductivity and a large surface area can facilitate rapid electron/ion transfer and, in return, faster charge/discharge rates. Also, materials with efficient ion transport properties enable swift diffusion of ions within the electrode/electrolyte interface, which enhances the device’s overall performance. The trade-off between the energy and the time constant (τ = RC) of the device is essential for practical applications; to achieve a significant increase in power capability, for instance, a substantial energy reduction may be necessary as a sacrifice in order to get a commensurate reduction in the time constant [47,48,49,50,51,52,53].



Moreover, realizing miniaturized on-chip electronic energy storage devices requires meticulous functional material design and deposition techniques compatible with advanced microfabrication processes. Most electrode preparation methods employed in traditional macro-energy storage devices cannot satisfy the requirements imposed by the miniaturization process. In addition, many of the recent electrode preparation techniques for the development of flexible microdevices for printable electronics largely rely on wet processing routes by using colloidal solutions or suspensions of particles, which are not fully compatible with semiconductor device manufacturing usually encountered in the electronics industry [54,55,56]. Nevertheless, developing various functional material layers may involve more than one growth mechanism and micro-processing techniques. The commonly used electrode film deposition and device microfabrication techniques are shown in Figure 2. The microfabrication process may further be classified as top-down etching techniques, bottom-up printing techniques; and emerging microfabrication techniques, the details on these techniques can be found in the literature [6,11,57,58]. Thin film deposition of functional materials compatible with MEMS/NEMS technology is prioritized to speed up the technological readiness level of efficient on-chip micro-energy storage devices by collective fabrication at the wafer level. Vacuum deposition techniques, such as physical vapor deposition (PVD) and atomic layer deposition (ALD), are favored for this task and are commonly employed in the electronics industry. Although other techniques, especially solution-based routes such as electrophoretic deposition/electrodeposition (Figure 2), have been used to produce high-performance porous electrode materials or high-k dielectric materials for on-chip energy storage applications—such deposition techniques are instead suitable for lab prototyping [6,59].



It is also essential to consider the selection of a suitable substrate for film development to accommodate different electrode microfabrication techniques. The substrate provides mechanical support to the functional materials, facilitating electron transport and influencing the device’s performance in certain extreme conditions. Substrates are usually classified as rigid (Si, Si/SiO2, glass, and quartz) and flexible (polyethylene terephthalate, polyimide, polyvinyl alcohol, polydimethylsiloxane, paper, and textile) [62,63]. However, silicon wafers are highly versatile substrates compatible with various semiconductor fabrication processes and technologies. They provide a reliable foundation for implementing various semiconductor technologies and are widely adopted across different segments of the electronics industry. Their uniformity, purity, scalability, and compatibility with semiconductor manufacturing processes make them indispensable in producing advanced electronic components that power modern technology. Several reviews have been conducted on on-chip energy storage devices, focusing more on design, fabrication, integration, applications, and performance metrics. This review provides an overview of capacitive materials for on-chip electrostatic (micro-/nano-) capacitors and electrochemical MSCs, with more emphasis on recent electrode developments, challenges, and future directions. Emphasis is given to the electrode materials, and the preparations are largely compatible with MEMS technology.




2. Materials for Electrostatic (Nano-/Micro-) Capacitors


Electrostatic capacitors are energy storage devices typically consisting of two closely spaced parallel conducting electrodes separated by an insulating material known as a dielectric (see Figure 3) [64]. The configuration is designated as metal–insulator–metal (MIM). The device obeys Coulomb’s law when a voltage (V) bias is applied to the electrodes; it initiates a polarization of the dielectric by the applied electric field, resulting in a charge accumulation on opposing electrode surfaces; this is known as the electrostatic charge storage process [65,66,67]. Capacitance (C) is the most important performance metric for a capacitor, as it determines its capability to store charge.



The ratio of the total accumulated charge (Q) and the electric potential (V) is used to express capacitance, which can be calculated using the following formula:


  C =   Q V    



(3)






  Q = C · V  



(4)







The ability of a dielectric material to hold or store charge is an important intrinsic property known as dielectric permittivity (ε). However, in the absence of the dielectric, the space between the electrodes becomes empty; the ε is replaced by the permittivity of the free space or vacuum,    ε 0   , a constant that is approximately equal to 8.854 × 10−12 Fm−1. The capacitance further defines the relationship between the surface area (S) of the electrodes, the distance (d) between the electrodes, and the dielectric permittivity (ε), as given in Equation (5). In order to measure how effectively the dielectric can store energy in an electric field relative to a vacuum, another parameter, known as relative permittivity or dielectric constant,  κ , is introduced, as shown in Equation (6).


  C = ε   S / d    



(5)






  C = κ  ε 0    S / d    



(6)




where   κ =  ε r  =   ε   ε 0      .



A distinctive feature of electrostatic capacitors is their high power due to their rapid charge/discharge rates, with the rates limited only by external circuit RCs. However, energy storage is limited as only a flat surface or parallel plate electrode configuration is utilized, unlike MSCs, where charges are stored in electric double layers or through fast redox reactions in porous electrodes, allowing larger energy density storage on the porous electrode surfaces [67]. The energy (E) is an important performance metric, which is a function of both the capacitance (C) and the voltage (V), i.e.,   E =   1 2     CV  2    (Equation (1)), derived from   dE = VdQ   [40]. Materials with a higher dielectric constant (known as high-k) and/or increased surface area of the electrodes can enhance charge storage, thus increasing the energy density. Applying a higher voltage can also increase the energy while taking the breakdown voltage of the dielectric material into account. However, it is noteworthy that other factors like polarization and applied electric field also play a significant role in determining the capacitor’s energy performance, which is detailed elsewhere [40,68,69].



Miniaturization of the capacitors can compromise their performance/efficiency as the size is significantly reduced along the footprint of the electrodes, leading to capacitance loss [70] To compensate for the loss of capacitance, the thickness of the dielectric films (d) needs to be reduced. Having an extremely thin dielectric can result in leakage current from direct electronic tunneling through the dielectric, leading to a complete breakdown of the dielectric when the leakage current becomes too high at a certain electric field Ebd [70,71]. The voltage at which the dielectric materials experience breakdown is known as breakdown voltage (Vbd) and is expressed as:


   V  bd   =  E  bd   · d  



(7)






   E  bd   =     V  bd    d    



(8)




where Ebd is known as the dielectric breakdown strength (DBS).



There is a trade-off between dielectric constant (k) and breakdown voltage (Ebd) when achieving high capacitance and voltage due to thickness, as expressed below [71,72]


   E  bd       orDBS   ~    20    κ            MV   cm    − 1      



(9)







Hence, electrostatic capacitors are typically metal–insulator–metal (MIM) and designed to be integrated directly onto silicon substrates alongside other electronic components, enabling highly integrated systems-on-chip (SoCs). Physical vapor deposition (PVD) techniques such as sputtering deposition are popular in the electronics industry and can be used to deposit dielectric and electrode materials on top of the silicon substrate, but the issues of film conformality and uniformity limit these deposition techniques for 3D silicon-integrated capacitors [73,74,75]. A 3D nanostructured electrode configuration is introduced to achieve a higher surface area and, thus, a higher capacitance value. Hence, realizing extremely high aspect ratio structures such as deep reactive ion etched (DRIE) silicon [64] and anodized aluminum oxide (AAO) [67], electrostatic silicon-integrated capacitors are typically fabricated using semiconductor microfabrication techniques, including photolithography, etching, and deposition processes, particularly atomic layer deposition (ALD) (Figure 1). These microfabrication techniques ensure precise control over capacitor dimensions, dielectric materials, and electrode configurations.



The ALD technique is usually preferred due to its unique features for fabricating ultrathin films, nano-laminating layers, high degree of thickness control, and conformal surface coatings in high-aspect-ratio trenches [67,70]. The ALD technique has shown significant improvements in the areal capacitance of nearly 1 μF mm−2 [64,67,71]. However, some dielectric films prepared by ALD exhibit a low dielectric constant due to the low deposition temperature, inhibiting a high degree of crystallization [70,76]. Extensive screening and exploration of various high-k dielectric materials to increase the capacitance and energy density of silicon-integrated capacitors while maintaining a good breakdown voltage are on the radar of the researchers. The commonly used dielectrics are shown in Figure 4, featuring their bandgap versus the dielectric constant. It is essential that the k-value be high, over 12 or preferably 25–35, while the high bandgap is required to suppress leakage current [77,78]. There is a critical trade-off relationship between high-k dielectrics and bandgap that needs to be taken into account; when the dielectric constant is increased, the band gap is decreased [78]. As the dielectric constant increased, the conduction band offsets (i.e., the barrier height) between the metal electrode and dielectric decreased, leading to a decrease in dielectric strength [78]. The phase of the dielectric materials with a uniform crystal structure is expected to remain unchanged in the temperature range of operation to prevent grain boundaries and crystal dislocations favoring carrier recombination and potential leakage paths [70].



The summary of the emerging dielectric materials is given in Table 1. SiO2 deposited on Si wafers is the most commonly used substrate, suitable for on-chip capacitors; however, other types of substrates have been reported. The same electrodes are traditionally used for both bottom and top electrodes in a symmetric configuration, even though some may prefer to use different materials with high work functions to suppress leakage current. Nonetheless, the performance of micro-capacitors mainly depends on the dielectric material [79]. The electrode materials commonly used are usually the participating metals in the oxide dielectric compounds; other electrode materials with higher work functions, including Ni, Al, Pt, Ag, Au, Cu, TiN, and TaN, may be used to minimize the leakage current [79,80,81,82].



2.1. Binary Oxide Dielectric Materials


Al2O3, Si3N4 (nitride dielectric), and SiO2 exhibit good dielectric breakdown strength but suffer low dielectric constants. Efforts have been made to explore several high-k dielectric materials, such as HfO2 [83], Sm2O3 [84], Er2O3 [85], Ta2O5 [82,86], ZrO2 [87,88,89], and La2O3 [90,91]. However, the low breakdown field of these high-k insulators is a major concern for capacitor reliability [92]. To address the low breakdown field and improve leakage performance, binary oxide dielectrics are usually stacked. Examples are the high-k nanolaminated MIM capacitors [93,94,95]. The preparation of the stacked oxide dielectrics is usually carried out via vacuum deposition techniques such as sputtering, PLD, and ALD. Yu et al. [96] fabricated planar MIM capacitors with HfO2-Al2O3 laminate dielectric on SiO2 substrate using the ALD technique, demonstrating a capacitance density of 12.8 fF μm−2 from 10 kHz up to 20 GHz and a low leakage current of 3.2 × 10−8 A cm−2 at 3.3 V. Si3N4/laminated Al2O3–HfO2 was fabricated using back-end-of-line (BEOL) fabrication to demonstrate a capacitance density of 4.2 fFμm−2 [92]. Other stacked dielectrics have also been reported, including ZrO2/Ta2O5/ZrO2 [97], HfO2/Ta2O5/HfO2 [97,98], Al2O3/TiO2/HfO2 [99], and Al2O3/HfO2/Al2O3 [100]. Films have been exploited for the MIM capacitors to increase the capacitance density. In addition, the breakdown field can also be improved through doping, as reported for HfxZr1−xO2 thin films fabricated by the atomic layer deposition (ALD) technique on SiO2/Si substrate [101,102].





 





Table 1. Emerging dielectrics for micro-capacitors.






Table 1. Emerging dielectrics for micro-capacitors.





	Dielectric
	Thickness (nm)
	Preparation Technique
	Breakdown Voltage (MVcm−1)
	ESD

(Jcm−3)
	Reference





	Al2O3
	25
	ALD
	4.8
	-
	[67]



	BT-BMZ
	230
	Sputtering
	7.9
	87.26
	[73]



	BSMT
	280
	Sputtering
	3
	91
	[75]



	BZT
	130
	Sputtering
	4.56
	40.6
	[37]



	Sm-BFO-BTO
	650
	PLD
	3.5
	152
	[103]



	BFO25-BTO75-2.5Mn
	200
	PLD
	3
	80
	[104]



	BST–BMN
	400
	PLD
	5
	86
	[105]



	BZT
	60
	PLD
	6.5
	65.1
	[106]



	BZT
	90
	PLD
	7.94
	89.9
	[74]



	La:HZO
	10
	ALD
	4
	50
	[102]



	Si:HfO2
	9
	ALD
	3.3
	40
	[107]



	Si:HZO
	10
	ALD
	4.5
	53
	[108]



	Al:HZO
	10
	ALD
	5
	52
	[108]



	HZO/Hf0.25Zr0.75O2
	1/9
	ALD
	6
	71.97
	[109]



	TZT
	8
	ALD
	5.38
	114.5
	[110]



	HfO2/ZrO2
	2.2/6.6
	ALD
	4
	49.9
	[111]







ESD = electrostatic discharge, PLD = pulsed laser deposition; ALD = atomic layer deposition, BST = barium strontium titanate; BT-BMZ = 0.85BaTiO3-0.15Bi(Mg0.5Zr0.5)O3, BSMT = Ba0.5Sr0.5(Ti0.97Mn0.03)O3, BZT = BaZr0.35Ti0.65O3, HZO = Hf0.5Zr0.5O2, TZT = TiO2/ZrO2/TiO2.











The use of highly regular three-dimensional (3D) architecture has been exploited and demonstrated both high energy and high-power density [67,112]. For instance, Banerjee et al. [67] fabricated 3D arrays of MIM nanocapacitors in self-assembly and self-aligning anodic aluminum oxide nanopores via ALD, employing TiN as the conducting electrodes and Al2O3 as the insulator (Figure 5). It was demonstrated that the conformality for the bottom electrode TiN and Al2O3 in a 20:1 aspect ratio pore was better than 95%. The SEM images show the nanotubular MIM structure, indicating the AAO barrier layer and three layers corresponding to the TiN bottom electrode (BE), Al2O3, and TiN top electrode (TE), and wafer-based production showing capacitors of different areas, with each dot capacitor being 125 µm wide and comprising about 106 nanocapacitors (or nanotubes). The nanocapacitors achieved an enhanced 100 µF cm−2, substantially exceeding previously reported values for nanostructured electrostatic capacitors [67]. In another study, Hourdakis et al. [113] fabricated 3D structured MIM capacitors using photolithography and plasma etching, HfO2 dielectric was deposited via ALD, and the device achieved 3.2 μF cm−2 with stable operation up to a frequency of 105 Hz.




2.2. Ternary Oxide Dielectric Materials


As the efforts to improve the performance of the dielectric capacitors intensified, ternary oxide dielectric materials with perovskite crystal structure, especially class II ceramic capacitor materials such as barium titanate (BaTiO3, BTO), strontium titanate (SrTiO3, STO), bismuth ferrite (BiFeO3, BFO), silver niobate (AgNbO3, ANO) [114], BaZrO3, SrTiO3, SrRuO3 [115], and LaGdO3 [116], are considered to be very promising due to the exceptionally high permittivity (>1000) obtainable in the perovskite crystal structure [78]. The permittivity of the materials can be extensively modified to vary the material composition, which could lead to different polar structures of perovskite dielectrics, resulting in the formation of linear dielectrics, ferroelectrics, relaxor-ferroelectrics, and anti-ferroelectrics [117]. However, the MIM capacitor-based on perovskite dielectrics also suffers from severe leakage current problems due to the trade-off relationship between the dielectric constant and bandgap; the main reason for severe leakage current problems is because of their narrow bandgaps [77,78,117,118,119]. Like binary compounds via dielectric stacking, doping, or elemental substitution [120]. The breakdown voltage of the perovskite materials could be significantly improved when their A-site or B-site are fully or partly substituted or are found in stacked systems [68,79]. Unfortunately, many substitutions are carried out via solution-based processes, which are not suitable for the on-chip microfabrication protocols. Nevertheless, some of the derivatives from the substitution/doping of BTO have been obtained via PLD, including La-doped Ba1−xLax(Zr0.25Ti0.75)O3 (BLZT) [74,121] and Mn-doped BiFeO3–BaTiO3 thin films [105], BiFeO3-BaTiO3-SrTiO3(0.55 − x)BFO−xBTO-0.45STO) were also realized by PLD, exhibiting high energy density with a low leakage voltage [73].





3. Materials for Micro-Supercapacitors


For convenience, it is often necessary to classify electrochemical micro-supercapacitors (MSCs) into two according to the charge storage mechanisms, namely, miniaturized electric double-layer capacitors (EDLCs) and pseudo(micro-) capacitors [6,45]. It is also important to discuss the mechanisms for the charge storage process in MSCs in terms of EDLC and pseudo-capacitance separately. Miniaturized EDLCs store charges principally on the adsorption/desorption (physisorption) of ions on the electrode surface, particularly carbon-based materials, where under an electric field, the charge carriers become polarized and accumulate on the parallel porous electrode surfaces to form electrochemical double layers (EDL); the physisorption is very fast and reversible, and they usually operate in an organic electrolyte or ionic liquid [45,122].



In contrast, the charge storage processes in pseudo(micro-) capacitors utilize non-polarized electrodes (known as pseudocapacitive electrodes) that operate based on chemical potential, undergoing fast reversible Faradic reactions at the surface or subsurface, thereby facilitating high power capabilities [12,66,122]. MSCs are distinctly different from microbatteries (MBs) that exhibit an in-depth and relatively sluggish bulky redox reaction mechanism involving Li-ions shuttling between the cathode and anode; MBs, unlike pseudo(micro-) capacitors, exhibit higher energy density but lower power density, poor rate capability, and a shorter lifespan [25,123,124,125,126,127].



MSCs are known for power delivery, capable of operating at a high rate but relatively low energy density. Since both energy and power densities are important for IoT applications, their energy delivery needs critical improvement. The energy density (E) of the MSCs can be maximized by either increasing the capacitance and/or the working voltage window, since   E =   1 2   C · Δ  V  MSC  2   , where C is the capacitance and ΔVMSC is the cell voltage [45,128,129]. Both C and V are influenced by the nature or properties of the electrode materials and electrolyte [129]. Besides the electrolytes’ influence, increasing the surface area of the electrode films can effectively enhance the capacitance and, thus, energy density. The performance of the MSCs strongly depends on the properties of the electrode materials, such as the crystallographic structure and morphology of the active material (e.g., nanorods, nanowires, nanofeather, and porous nanoflakes), and other factors include electrical contact with current collectors, exposed surface area, amounts of cations, etc. [130,131].



In the meantime, increasing surface capacitance results in a higher time constant, according to this formula,   τ =   RC   MSC    , leading to lower power performance, necessitating a trade-off between capacitance and power capabilities [6]. A pertinent strategy consists of lowering the resistance of the electrode materials [53]. In addition, the energy and power densities can also be enhanced through the topology or configuration of the device (the arrangement or geometry of the positive and negative electrodes) [6,132]. The overview of the schematic topologies used in MSCs, including parallel plate, interdigitated, and three dimensional (3D) interdigitated configurations, is shown in Figure 6a. The interdigitated topology is the most suitable configuration for on-chip MSC applications, having both electrodes in the same plane. However, the amount of active material per electrode is reduced by half due to the inactive gap between the two interdigitated electrode fingers. As a result, the surface capacitance decreases drastically to less than one-fourth of the areal capacitance of a single electrode. In order to enhance the energy density of MSCs, 3D interdigitated configurations have been explored. Lethien et al. [6] provide comprehensive details on the different MSC topologies and configurations. Again, the energy storage capacity can be improved through a 3D electrode design that unblocks the “dead surface” of MSC electrodes while maintaining high mass loading within the device’s footprint area [6,132,133].



Further, increasing the cell voltage will also substantially enhance the energy to the tune of four-fold, according to Equation (1) [129]. The width of the safe electrochemical window of the electrode material, which defines the cell voltage, needs to be critically considered. Several electrode materials, especially pseudocapacitive materials, exhibit high capacitance in aqueous electrolytes, but their cell voltage is limited to around 1 V due to the water splitting at 1.23 V. However, the most efficient energy density delivered by these MSCs is around 100 μWh cm−2 [6,128]. Nevertheless, the safe electrochemical window can be extended when two different active materials are used in the negative and positive electrodes to have an asymmetric configuration (as shown in Figure 6b), combining the potential windows of both electrodes (i.e., with complementary electrochemical potential windows) without damaging the materials [6,45]. This is a major departure from the symmetric configuration, where the same (pseudo)capacitive material is used in the two electrodes and the cell voltage is restricted to about 1.2 V in the potential window.



Asymmetric MSCs could exhibit up to 2 V cell voltage in aqueous media [134,135,136,137,138,139,140,141,142,143,144,145]; the cell voltage depends on the positive electrode’s upper potential limit and the negative electrode’s lower potential limit [146]. The overpotentials at the positive electrode (for oxygen evolution) and the negative electrode (for hydrogen evolution) extend the cell voltage windows beyond the thermodynamic limit of 1.23 V of the water decomposition voltage [146]. An example of asymmetric configuration was demonstrated by Asbani et al. [145] (Figure 6c), combining sputtered vanadium nitride film (VN) and electrodeposited hydrous ruthenium oxide (hRuO2) film to fabricate an asymmetric micro-supercapacitor (A-MSC). Taking advantage of their complementary electrochemical potential windows in 1 M KOH electrolyte to achieve a cell voltage up to 1.15 V and high specific capacitance values for the device (≈100 mF cm−2). The effect of asymmetric configuration is evident in the galvanostatic charge and discharge plots shown in Figure 6c. Concerted efforts have been focused on exploring various active electrode materials, including carbon-based, conducting polymer, and metal-based materials (oxides, nitride, and MXene), to optimize the power and energy delivery of on-chip MSCs. Additionally, there have been attempts to combine battery-type materials with (pseudo) capacitive materials to form hybrid (asymmetric) MSCs, commonly referred to as Li-ion micro-supercapacitors [147,148,149,150]. However, these efforts have only been able to obtain prototyping MSCs [147,148]. An example of this was demonstrated by Zheng et al. [8], who fabricated a prototype hybrid MSCs featuring lithium titanate nanospheres and graphene in an MSC asymmetric configuration. Another area of interest is optimizing the existing solid electrolytes and developing new ones for better performance.



MSC performance is evaluated based on the surface area or volume of the device to normalize capacitance (F), energy (Wh), and power (W). The surface performance metrics are given as mF cm−2, mWhcm−2, and mW cm−2, which are normalized by the operated area of the active electrode [6,9,56,151]. Volumetric performance is derived by normalizing the surface metrics to the thickness of the active layer, giving rise to mF cm−3, µWhcm−3, and mW cm−3 for capacitance, energy, and power, respectively [56,151]. When comparing the performance of MSCs, volumetric performance metrics are appropriate, but it is important in that case not to take into account the thickness of the substrate, which is only used as a mechanical support in most cases with various thicknesses (from 200 µm up to 2 mm as an example). It is useless to divide the surface performance by this substrate thickness.
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Figure 6. Representative electrode topologies/configurations for on-chip micro-supercapacitors. (a) Various electrode configurations. Reproduced with permission from [6]. Copyright (2019), Royal Society of Chemistry. (b) MSC based on interdigitated topologies with a symmetric configuration or an asymmetric configuration. Reproduced with permission from [45]. © American Chemical Society. CC BY 4.0. (c) Sketch up of the VN/hRuO2 asymmetric MSC in face-to-face topology operating in 0.5 M H2SO4 and 1 M KOH aqueous electrolytes, and galvanostatic charge and discharge plots of the symmetric and asymmetric MSCs, using hRuO2 as the positive and VN as the negative electrodes, respectively. Reproduced with permission from [145]. Copyright (2021), Elsevier. 
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This metric is also used by many researchers to exacerbate the performance of nanometer-thick film electrodes. In that case, the volumetric energy and power densities are exaggerated, and that does not reflect the real performance of the MSC. The most important thing for a microdevice is the footprint surface of the energy storage source, which is constrained by the miniaturization of the electronics. It is thus reasonable to evaluate the performance of the MSC based on the surface metric since the footprint area is a crucial factor to consider in on-chip applications [9,56,151]. The performance of the MSCs could be influenced by the following parameters:




	
MSC topology



	
Capacitance retention of the MSC



	
Material/electrolyte conductivity



	
Material surface area



	
Material/electrolyte ion transport properties.



	
Mass-loading of the active materials



	
The width of the safe electrochemical window








3.1. Electric Double-Layer Capacitor Materials


Electric double-layer capacitor (EDLC) materials are low-cost porous carbon-based electrodes, such as carbon nanotubes [152,153,154], activated carbons [155], carbide-derived carbons (CDC) [44,156,157], onion-like carbon [158], carbon foam [159], and graphene [160]. They exhibit a high specific surface area, good electrical conductivity, and chemical stability. They are usually operated in organic electrolytes, demonstrating true capacitive behavior and excellent chemical stability upon cycling [6,36,44,54,155,156,159,161,162]. However, carbon-based MSCs suffer from low energy density, limiting their practical applications in high energy microdevices [159]. To improve the energy performance, carbon-based materials are usually composited/doped with other (pseudo)capacitive materials. Table 2 provides a summary of the recently researched carbon-based MSCs electrodes for on-chip applications.



3.1.1. Graphene-Based Materials


Graphene-based materials are the most explored carbon-based electrodes for MSCs applications. They exhibit excellent electrical properties due to their high electron mobility (2.5 × 105 cm2 V−1 s−1) at room temperature [163]. They also possess a large theoretical surface area (2630 m2g−1) [43] and have the capability to offer ultrahigh power performance and excellent frequency response [160,164]. Graphene is a single layer of sp2-hybridized carbon atoms tightly bound in a two-dimensional (2D) honeycomb lattice with monoatomic layer thickness [151]; the intrinsic capacitance of single-layer graphene (SLG) of ~21 µF cm−2 sets the upper limit for EDL capacitance for all carbon-based materials [165,166,167]. They are typically synthesized by the chemical vapor deposition (CVD) method under a high temperature and with a catalytic metal substrate (mostly grown on copper or nickel foam), requiring transfer to a final substrate; the processing conditions, restacking due to the van der Waals interaction between platelets [168,169,170], and low throughput limit their widespread application in in-plane (on-chip) MSCs [167,171]. Therefore, other synthesis routes are being explored, including solution-processing techniques (especially the liquid-phase exfoliation method), reduction in graphene oxides (GO) [168], and laser induction.



Reduced GO (rGO) constitutes the majority of the reported graphene-based MSCs electrodes. They are obtained by removing the oxygen-containing functional groups from graphene oxides (GO) through various methods such as laser, thermal, chemical, or ultraviolet irradiation; however, the chemical reduction method is the most widely used [172,173,174] Generally, GO is a highly resistive material; hence, its electrical conductivity needs to be improved to meet the requirements of MSC applications, while on the other hand, rGO is a conducting material that is very close to pure graphene. For instance, Wu et al. [168] used the methane-plasma reduction technique to obtain rGO on Si substrate, followed by oxygen-plasma etching for interdigitated patterning of the film. The MSCs delivered low capacitance values (80.7 μF cm−2/17.9 F cm−3) with power and energy densities of 495 W cm−3 and 2.5 mWh cm−3, respectively, showing how maximizing volumetric performance while surface energy and power densities are very low. However, some of the conversion methods involve wet processing routes that could be detrimental to the microfabrication protocols, thereby impeding their implementation in on-chip MSC applications [170]. Additionally, many of the reduction processes, such as high temperature, plasma, or reductant treatment, are not suitable for scalable and on-chip MSC integrated applications [170].



Exfoliated Graphene


Exfoliated graphene (EG) is typically in powder form and is prepared through a process called liquid-phase exfoliation. To make an ink or slurry, it is dispersed in a solvent along with other additives such as surfactants, stabilizers, binders, and conductive agents. The resulting mixture can be deposited onto substrates or current collectors using microfabrication techniques (see Figure 2b) such as screen printing [175,176], mask-assisted filtration [177,178], inkjet printing [179], electrophoretic deposition [180], spray coating [181,182], or electrodeposition [181,182]. Additionally, EG can be combined with other electroactive materials like transition metal oxides and conducting polymers to create composite materials [151,183,184].





 





Table 2. EDLC materials for on-chip MSCs.
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Electrode Material

	
Substrate

	
Synthesis/Fabrication

	
Thickness

	
Electrolyte

	
Cell Voltage/

Pot. Window

	
Areal Cap.

	
Vol. Cap.

	
Energy Density

	
Power Density

	
Configuration

	
Reference




	
nm

	
V

	
mFcm−2

	
Fcm−3

	
mWhcm−3

	
Wcm−3






	
Graphene

	
PET

	
CVD/DLW

	
17

	
PVA-H2SO4 hydrogel

	
1

	
0.063

	
36.8

	
5.1

	
1714

	
Intedigitated

	
[170]




	
Graphene

	
PET

	
CVD/DLW

	
17

	
EMITFSI/Fumed silica ionogel

	
2.5

	
0.045

	
147

	
23

	
1860

	
Intedigitated

	
[107]




	
Graphene

	
Si/SiO2

	
CVD/Lithography

	
5

	
PVA-H2SO4 hydrogel

	
1

	
0.066

	
131

	
NA

	
NA

	
Intedigitated

	
[185]




	
Graphene

	
Glass/Ni

	
Drop casting/plasma etching

	
1000

	
PVA-H2SO4 hydrogel

	
0.8

	
0.1

	
20

	
1.5

	
2000

	
Intedigitated

	
[186]




	
Graphene

	
Si/SiO2

	
CVD/Plasma etching

	
5

	
PVA-H2SO4 hydrogel

	
1

	
0.2

	
307

	
42.6

	
2000

	
Intedigitated

	
[187]




	
Graphene

	
Si/SiO2 and PET

	
Spin coating/Inkjet printing

	
750

	
PSSH

	
1

	
0.7

	
9.3

	
1.3

	
0.6

	
Intedigitated

	
[187]




	
Graphene (Exfoliated)

	
PET

	
Electrochemical exfoliation/Mask-assisted filtration

	
600

	
PVA-H2SO4 hydrogel

	
1.2

	
0.822

	
13.7

	
2.74

	
493

	
Intedigitated

	
[188]




	
Graphene (Exfoliated)

	
PET

	
Electrochemical exfoliation/Mask-assisted filtration

	
600

	
KTFSI-P14TFSI ionogel

	
3.4

	
0.54

	
9.03

	
14.5

	
2.6

	
Intedigitated

	
[188]




	
Graphene

	
Polyimide

	
Laser scribing

	
25,000

	
H2SO4

	
1

	
4

	
1.6

	
0.4

	
50

	
Intedigitated

	
[189]




	
rGO

	
Polyimide

	
Mask-assisted vacuum filtration

	
1020

	
PVA-H3PO4 hydrogel

	
0.8

	
0.6845

	
6.7

	
0.37

	
5

	
Intedigitated

	
[190]




	
rGO

	
PET

	
Spin-coating/lithography

	
15

	
PVA-H2SO4 hydrogel

	
1

	
0.08

	
17.9

	
2.5

	
495

	
Intedigitated

	
[168]




	
rGO

	
Si/SiO2

	
Spin coating/Laser scribing

	
7600

	
EMITFSI/Fumed silica ionogel

	
2.5

	
2.32

	
2.32

	
2.1

	
200

	
Intedigitated

	
[160]




	
rGO-CNTs

	
Si/SiO2/TiAu

	
Electrostatic spray deposition (ESD)/photolithography

	
6000

	
3 M KCl

	
1

	
5.6

	
4.9

	
0.68

	
77

	
Intedigitated

	
[164]




	
Graphene-CNTs

	
PET

	
Wet-Jet Milling Exfoliation/screen printing

	
27,000

	
PVA-H3PO4 hydrogel

	
1.8

	
1.32

	
0.49

	
0.22

	
<1

	
Intedigitated

	
[191]




	
CNTs

	

	
3D Printing

	
27,600

	
PVA-H3PO4 hydrogel

	
1

	
4.69

	
1.7

	
0.12

	
3.72

	
Intedigitated

	
[152]




	
CNTs

	
Si/SiO2

	
Injection/Plasma etching

	
5000

	
PVA-H3PO4 hydrogel

	
0.8

	
2.75

	
5.5

	
0.4

	
0.19

	
Intedigitated

	
[153]




	
CNTs

	
Si/SiO2/Fe

	
Plasma enhanced CVD

	

	
PVA–KCl hydrogel

	
0.8

	
5

	
2.5

	
-

	
-

	
Single electrode

	
[192]




	
CNTs-carbon nanosheet (CN)

	
Si/SiO2

	
CVD/photolithography

	
100,000

	
PVA-H3PO4 hydrogel

	
1

	
110

	
11

	
2

	
0.45

	
Intedigitated

	
[193]




	
Carbon nanowires (CNWs)

	
Si/Si3N4/Cr/Pt

	
Electrodeposition + CVD/direct laser writing

	
12,000

	
PVA-H3PO4-SiWA

	
0.8

	
5.7

	
4.75

	
NA

	
NA

	
Single electrode

	
[194]




	
Activated carbon

	
Si/SiO2

	
Photolithography/etching process/inkjet printing

	
20,000

	
1 M Et4NBF4

	
2.5

	
2.1

	
-

	
-

	
-

	
Intedigitated

	
[155]




	
TiC-CDC

	
Si/SiO2

	
DC magnetron sputtering + Chlorintion

	
1400

	
1 M H2SO4

	
0.9

	
49

	
350

	
10.1

	
2

	
Intedigitated

	
[54]




	
TiC-CDC

	
Si/SiO2

	
DC magnetron sputtering + Chlorintion

	
4100

	
2 M EMI, BF4:CH3CN

	
3

	
61.5

	
150

	
35

	
1

	
parallel plates

	
[54]




	
TiC-CDC

	
Si/SiO2

	
DC magnetron sputtering + Chlorintion

	
2200

	
2 M EMI, BF4:CH3CN

	
3

	
35.2

	
160

	
30

	
10

	
parallel plates

	
[54]




	
TiC-CDC

	
Si/SiO2

	
DC magnetron sputtering + Chlorination

	
5000

	
1 M H2SO4

	
0.8

	
205

	
410

	
NA

	
NA

	
Single electrode

	
[54]




	
TiC-CDC

	
Si/SiO2

	
DC magnetron sputtering + Chlorination

	
3200

	
1 M H2SO4

	
0.9

	
112

	
350

	
39

	
0.94

	
parallel plates

	
[161]




	
TiC-CDC

	
Si/SiO2

	
DC magnetron sputtering + Chlorination

	
4600

	
1 M KOH

	
1.1

	
71

	
152

	
NA

	
NA

	
Single electrode

	
[156]




	
TiC-CDC-Anthraquinone (AQ)

	
Si/SiO2

	
DC magnetron sputtering + Chlorination + Electrochemical grafting

	
4600

	
1 M KOH

	
1.1

	
44

	
338

	
NA

	
NA

	
Single electrode

	
[156]








CVD = Chemical Vapor Deposition; DLW = direct laser writing; PET = polyethylene terephthalate












Laser-Induced Graphene


Laser-induced graphene (LIG) or laser scribed graphene (LSG) has attracted much attention for its application as MSC electrodes since its discovery in 2014 as a 3D porous material prepared from various carbon materials by direct laser writing [151,195]. Its popularity is due to the fact that it can be prepared and patterned into highly porous 3D graphene in a single step without the need for wet chemical processes [151]. The high porosities created, due to the release of gas during the laser scribing process, result in a large surface area, thereby facilitating the electrolyte penetration into the active materials [195].



Some innovative strategies, including photochemical reduction in GO, are being explored to address the scalability challenges [54,196]. Another strategy is the introduction of spacers, such as carbon nanotubes (CNTs), between the graphene sheets to prevent their restacking [164]. Heteroatom doping can effectively tune the material structure, introduce pseudocapacitance, and facilitate electrolyte wettability, consequently enhancing charge storage capacity [151,197,198,199]. Such doping elements include S [199], F [197], P [198], and heteroatoms O/N/S [200]. In addition, surface modification is an effective approach to incorporating high-mass-loaded electroactive materials such as other carbon materials [181], such as other carbon materials layer [181], transition metal oxides/hydroxides [201,202,203], MXene [173], and conductive polymers [204]) to the porous surfaces to enhance the electrochemical performance [167,171,205,206,207].



The use or incorporation of the pseudocapacitive materials with a larger specific capacitance moves the carbon electrode from pure double-layer to pseudocapacitive charge storage, combining their synergistic/complementary properties (pseudocapacitance and EDLC) to offer better MSCs performance. However, this strategy has some drawbacks, as it can lead to reduced power capabilities, a shorter cycle life due to the kinetic limitations of the redox reactions, and low electronic conductivity [54,208].



An example is reported by Lin et al. [209] where interdigitated MSC electrodes based on a porous hierarchic 3D graphene-CNT composite were fabricated using conventional photolithography on a silicon substrate. The graphene-CNT composite was grown by CVD on a patterned Ni (a current collector and catalyst for the composite growth). The scheme of the device is shown in Figure 7a. The figure shows the SEM image of the fabricated MSC and a cross-sectional SEM image of the graphene-CNT structure grown on a Ni catalyst/current collector, respectively. The CV curves with a near-perfect rectangular shape show that the MSC based on the composite electrode (tested in an aqueous electrolyte of 1 M Na2SO4) shows improved performance over the one with only the graphene electrode. The enhanced capacitance was attributed to the ion absorption/desorption in the CNTs. The device achieved specific capacitances up to 2.16 mF cm−2 with a maximum power density of 115 W cm−3 in an aqueous electrolyte; the surface capacitance and volumetric energy density achieved in ionic liquids were 3.93 mF cm−2 and 2.42 mWh cm−3, respectively.



Beidaghi et al. [164] fabricated interdigitated graphene-CNT composite-based MSC, combining electrostatic spray deposition (ESD) and photolithography lift-off methods for the device fabrication. The device was tested in a 3 M KCl aqueous electrolyte, exhibiting a capacitance of 6.1 mF cm−2 at 10 mV s−1, an energy density of 0.68 mWh cm−3 and a power density of 77 W cm−3. Lin et al. [189] obtained patterned 3D networks (porous) graphene films from polyimide (PI) films using a CO2 infrared laser; the sp3-carbon atoms of the PI were photothermally converted to sp2-carbon atoms by pulsed laser irradiation, resulting in LIG (LI-rGO) formation. The interdigitated electrode exhibits a low specific capacitance of >4 mF·cm−2 and power densities of ~9 mW·cm−2. The enhanced capacitance, compared to other carbon-based electrodes, has been attributed to the 3D network of highly conductive graphene, providing easy access for the electrolyte to form a Helmholtz layer [189].



In another study, Gao et al. [203] prepared LSG and LSG-MnO nanocomposite films on PET as interdigital electrodes for MSCs by one-step picosecond laser direct-writing (LDW) in air, having thicknesses of 52 μm and 55 μm, respectively. The performance of the LSG and LSG-MnO electrodes showed a specific capacitance of 191 and 470 mF cm−2, respectively; the CV curves of the electrodes over 0.8 V showed that LSG-MnO exhibits a larger integrated area and greater current response than the LSG electrode, indicating higher capacitance and better electrochemical activity, which is attributed to the synergistic effects of the EDLC of LSG and the pseudocapacitance process of MnO films. Moreover, the maximum area-specific capacitance of LSG-MnO-based MSCs with PVA/H3PO4 gel electrolyte is 55 mF cm−2 and recorded a good capacitance retention of about 96% after 5000 cycles. The device delivers a maximum energy density with PVA/H3PO4 gel electrolyte of 4.89 μWh cm−2 and a maximum power density of 0.72 mW cm−2.





3.1.2. Carbon Nanotubes (CNTs)


Carbon nanotubes (CNTs) are considered promising electrode materials for on-chip MSC applications due to their high surface area, excellent electrical conductivity, mechanical flexibility, and chemical stability [152,153,210,211,212] CNTs are categorized into single-wall CNT (SWCNT) and multi-wall CNT (MWCNT) [154,210]. However, a major issue associated with the use of CNTs is their structural breakdown, which results in decreased electrical conductivity and mechanical strength [213]. This could be addressed by incorporating other functional materials inside their interconnected pores to prevent such structural breakdown [213]. In addition, CNT film preparations are mostly performed through solution routes, limiting their use for on-chip MSC applications. Several studies have explored alternative approaches to fabricating MSCs based on CNT electrodes, especially flexible MSCs [152]. Kim et al. [153] used selective wetting-induced micropatterning for MWCNTs-based MSCs. It has been demonstrated from recent studies that the performance of CNT-based electrode materials is highly dependent on nanotube alignment and packing density [154,210]. Highly aligned CNTs that are either horizontally (HACNTs) or vertically (VACNTs) aligned present good pathways for electron transport, which results in superior performance compared to randomly entangled CNT networks. HACNTs-sheet-based MSCs exhibit better electrochemical performance when compared with VACNT, as the latter exhibits lower areal capacitance and volumetric performance. This is because HACNTs have a long-range alignment interconnected network that facilitates charge transport, leading to better conductivity and a higher packing density, which enhances the energy density [152,210,211].



Cao et al. [192] prepared multiwall CNT-forest by plasma enhanced chemical vapor deposition (PECVD) on silicon wafer (before transferred onto elastomer) to achieve very low capacitance values (5 mF cm−2 and ≈ 2.5 F cm−3) and retain close to 90% of the initial capacitance after 10,000 cycles (see Figure 7b). Pseudocapacitive materials are usually employed to enhance the electrochemical performance of the CNT-based electrodes, combining the synergetic effects of EDLC and pseudocapacitance [214,215]. This was demonstrated by Dousti et al. in 2020 [154], who for the first time fabricated an interdigitated electrode with HACNT using a single oxygen plasma etching process for fabrication. The device with HACNT (~300 nm-thick) films achieved volumetric capacitance, energy, and power densities of 75.7 Fcm−3 (at 5 mV s−1), 10.52 mWhcm−3 and 19.33 Wcm−3, respectively, in 0.1 M Na2SO4, while the performance was significantly improved using the HACNT-MnO2 composite (~300 nm-thick) electrode, demonstrating a volumetric capacitance, energy, and power densities of 242 Fcm−3 (at a scan rate of 5 mV s−1), 33.7 mWhcm−3, and 31 Wcm−3, respectively, with an impressive long cycle life (>90% capacitance retention after 7000 cycles). It was reported that the interdigitated electrode HACNT-MnO2 composite sheet-based MSCs outperformed the existing planar thin-film MSCs at the time and could match the performance of 3D MSCs [154]. Ouldhamadouche et al. [214] prepared hierarchically composite electrodes consisting of porous and nanostructured VN grown on vertically aligned CNTs (VACNTs) for micro-supercapacitor applications. The CNTs were grown on a Si/SiO2 substrate through a distributed electron cyclotron resonance (ECR)–plasma enhanced chemical vapor deposition (PECVD) process, after which a direct deposition of vanadium nitride (VN) films over the as-prepared CNTs arrays was performed by means of reactive DC sputtering. The composite VACNTs-VN electrode demonstrated an areal capacitance of 37.5 mF cm−2 at a scan rate of 2 mV s−1 in a 0.5 M K2SO4 electrolyte solution between −0.1 and 0.4 V potential windows. Pitkänen et al. [216] fabricated a composite VACNTs-MnOx-electrode-based on-chip MSCs. The device achieved a specific areal capacitance of 37 mF cm−2, and an energy density of 6.7 μWh cm−2. Zhang et al. [217] fabricated interdigital 3DTiN-TiO2-VACNT-based MSC using area-selective atomic layer deposition by aerosol jet printing technique. The device achieved the composite TiN-TiO2-VACNT MSC with an areal capacitance of 6.55 mF cm−2. This achieved nearly two orders of magnitude improvement compared to the pure VACNT MSC (0.07 mF cm−2). The presence of the pseudocapacitive materials (TiN-TiO2) significantly improved the energy density (3.28 mWh cm−2) while maintaining a high power density (2.34 mW cm−2).
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Figure 7. Carbon-based electrodes (a) Graphene-CNT grown on a Si substrate. Reproduced with permission from [209]. Copyright © 2024, American Chemical Society. (b) Vertically aligned carbon nanotube (VACNT) forests grown on a silicon wafer. Reproduced with permission from [192]. Copyright (2019), John Wiley & Sons. (c) Carbide-derived carbon (CDC) on a Si wafer. Reproduced with permission from [54]. Copyright (2016), American Association for the Advancement of Science. 
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3.1.3. Porous Carbide-Derived Carbons


Carbide-derived carbons (CDC) are a type of nanoporous carbon material that is obtained by subjecting a metal carbide, typically titanium carbide (TiC), to chlorination. This process results in the formation of a bilayer of TiC and porous carbon (TiC-CDC). TiC-CDC is a highly promising material for on-chip MSC applications due to its unique combination of high surface area, high capacitance, electrical conductivity, and chemical stability [54,157,161,218,219]. The use of TiC-CDC as electrode materials eliminates the presence of polymer binders between the substrate and the active materials, which is common to other carbon materials, ensuring a naturally strong interface between the current collector and the active material [157]. TiC films are typically deposited on Si wafers by reactive DC magnetron sputtering using a titanium target and acetylene (C2H2) gas as a carbon source. The reactive-sputtered TiC films are subsequently etched by chlorine gas to form CDC films [54,157,161,218,219]. The following equation expresses the reaction process of carbide with chlorine gas [157,220].


  TiC  s  + 2   Cl  2   g  →   TiCl  4   g  + C  s   



(10)







A number of studies have fabricated TiC-CDC films as on-chip MSC electrodes at the wafer level [54,161,219]. For instance, Huang et al. [54] achieved MSC based on TiC-CDC electrodes via reactive DC magnetron sputtering followed by chlorination at the wafer level, as shown in Figure 7c. (A) The Si/TiC/CDC electrode with a 5 µm-thick CDC operated in 1 M H2SO4 electrolyte achieved 205 mF cm−2 (410 F cm−3) with no capacitance loss after 10,000 cycles. Also, the MSC recorded 350 mF cm−2 in 1 M H2SO4 electrolyte at 10 mV s−1.





3.2. Pseudocapacitive Electrodes


Pseudocapacitive materials are becoming the principal candidates for simultaneously delivering high energy and power densities as they occupy a middle ground between EDLCs and battery-type materials; they exhibit near-rectangular cyclic voltammetry (CV) profiles and almost linear galvanostatic charge/discharge (GCD) curves similar to EDLC [146,221]. The charge storage processes rely on a charge transfer mechanism instead of physically storing charge by electrostatic charge adsorption. The charge storage mechanism emanates from the electrosorption and/or fast Faradaic reversible redox reactions at the surface or subsurface of the redox-active materials; the surface Faradaic electron transfer is enabled by charge-compensating ions [45,222,223,224]. The Faradaic reaction in pseudocapacitive materials is ultrafast, which differs from battery-type materials where faradaic reactions occur at a constant potential, usually originating from the ideal Nernstian process [222,223]. Pseudocapacitance can arise from one or a combination of the following fast Faradic processes: redox, intercalation, and electrosorption [146,224,225].



From a technological point of view, it is highly desirable to prepare pseudocapacitive electrode films that are compatible with the cleanroom protocol, which is required by on-chip integration, and it is also important to consider microfabrication techniques capable of facilitating scale-up production of electrode materials at the wafer level. There are two main categories of pseudocapacitive materials: conducting polymers such as polyaniline (PANI) [226], poly(3,4-ethylene dioxythiophene) (PEDOT) [227], polypyrrole (PPy) polypyrrole (PPy) [227]), and metal-based pseudocapacitive compounds [228,229,230,231]. Metal-based materials are often preferred for on-chip applications due to their versatility and compatibility with microfabrication processes. Metal compound-based MSCs remain the exploration hotspot for achieving high power and energy densities in a limited footprint area and volume. The emerging metal-based electrode materials for on-chip MSC applications can be classified as follows:




	i

	
Metal oxides/hydroxides




	ii

	
Metalnitrides




	iii

	
2D transition metal carbides/carbonitrides (MXene)









Other metal compounds, including metal dichalcogenides, such as MoS2, exhibit pseudocapacitance properties, high electrical conductivity, and a good hydrophilic nature. However, their implementation for on-chip implementation is restricted due to processing techniques, including hydrothermal [232,233], colloidal [234], chemical bath [235], chemical precipitation and ion-exchange process [140], and successive ionic layers [6,9,11,12,236].



3.2.1. Metal Oxides


Metal oxides are the centerpiece of (micro-)pseudocapacitive electrode material exploration; they exhibit multiple oxidation states, allowing for effective redox charge transfer [150]. Oxides or hydroxides of different metals, such as Ru, Mn, Ni, Co, Fe, Ti, V, Mo, W, and Nb, have shown promise as redox-active materials for MSC electrodes. The electrochemical behavior of these oxides in aqueous electrolytes explains their charge storage mechanisms, involving fast Faradaic and implicit non-Faradaic EDLC processes at the surface/subsurface [146]. The fast Faradaic redox process involves [146,237,238]:




	
valence changes (electron transfer) of the metallic species located near the oxide surface,



	
serving as redox-active centers through cation intercalation/deintercalation, surface adsorption/desorption, or



	
surface redox reactions with anions.








The valence changes in the oxide materials occur at different potential ranges, which are essentially determined by the nature of the electrolytes [237]; in aqueous electrolytes, for instance, the valence changes in Ni2+/Ni3+ and Co2+/Co3+ occur in the ranges of ≈0 and 0.6 V (0–0.6 V vs. Hg/HgO [239]), Mn3+/Mn4+ (≈0–0.8 V vs. Ag/AgCl [228]), and Fe2+/Fe3+ (−1–0 V vs. SCE) [240]. RuO2 and MnO2 are the most representative metal oxide electrode materials and are widely known for their high theoretical capacitance and high energy density capability [241,242]. Several other metal oxides, such as MoO2 [243], Co3O4, NiO [244], MnFe2O4 [236], IrO2 [245], and FeWO4 [128], are currently investigated for on-chip MSCs applications. In addition, the synergistic contributions from pseudocapacitance and EDLC processes are considered to enhance the energy storage capabilities of the MSCs by exploring metal oxide/carbon composites as electrode materials [18,221].



Besides on-chip compatibility issues, the electrochemical performance is also influenced by the preparation techniques. Notably, studies have shown that amorphous structures or hydrous forms of transition binary oxides (e.g., RuO2·nH2O, IrO2·nH2O, and WO3·nH2O) exhibit better pseudocapacitive behavior than those of anhydrous structures or crystalline phases [6,246]. Currently, chemical or solution routes are dominant in the preparation of oxide electrodes. These methods typically require the use of expensive precursor solutions (such as RuCl3·xH2O for RuO2 synthesis) and complex steps to prepare porous nanostructured oxide films with a large surface area [247,248,249]. Solution-phase processes have the potential to offer better capacitance performance compared to vacuum-deposited oxide thin films, such as physical vapor deposition (PVD) techniques (ex: sputtering deposition). However, the chemical routes are typically not fully compatible with microfabrication protocols, especially when interfacing with other electronic devices. Indeed, some chemical routes, like electrodeposition and electrophoretic deposition techniques, are widely used to produce high-performance porous oxide thin film electrodes, especially 3D oxide electrodes, taking advantage of the film conformality feature [145,250,251,252]. These techniques may be attractive and compatible with electronic microfabrication protocols, but they are only suitable for individual prototyping and lab-scale applications [59,241]. Table 3 summarizes the recently explored metal oxide electrodes for on-chip MSC applications.



Electrodeposition has successfully created mesoporous oxide MSC electrodes with ordered 3D architectures, such as RuO2 and MnO2 electrodes [145,250,251,252]. These 3D electrode materials allow good penetration of electrolytes and reactants into the entire electrode matrix and high mass loading of active materials [6,253]. Three-dimensional electrode materials are desirable where the footprint area is limited, such as on-chip MSC, to improve the surface-to-volume ratio, leading to significantly enhanced energy densities [6,253]. Additionally, the active layer is conformally deposited on a 3D scaffold with a high area enhancement factor (AEF), resulting in at least one order of magnitude improvement in the areal capacitance of 3D MSCs compared to planar geometry [6].



Physical vapor deposition (PVD) techniques are receiving more attention for the preparation of high-quality and contamination-free oxide thin film electrode materials for MSC applications [131,254]. These techniques are more eco-friendly than chemical routes. Different types of PVD techniques are available, such as molecular beam epitaxy, evaporation, and magnetron sputtering. The semiconductor industry commonly uses these techniques to deposit dense metallic or semiconducting films on large substrates [59,128,236,255]. Among these techniques, magnetron sputtering is considered the most fascinating tool due to its versatility and ability to produce tailored porous oxide film electrodes for on-chip MSCs [59]. Additionally, sputtering deposition leverages the ability to prepare thin films on large substrates or silicon wafers, making it a preferred choice for mass production of porous metal compound-based electrodes used in on-chip MSC applications. However, oxide electrode films produced through sputtering may exhibit lower capacitance compared to 3D electrodes produced through chemical routes.



Ruthenium Oxides


Ruthenium oxide (RuO2) is a model pseudocapacitive electrode material for MSC applications. It is widely known for its high specific pseudocapacitance owing to its ability to undergo rapid redox reactions with its multiple valence states in a reversible manner [256], excellent conductivity, and high energy density capability [241,242,257]. It has multiple valence states for electron transition (Ru2+, Ru3+, Ru4+, and Ru6+) accessible within a 1.2 V electrochemical potential window during redox reactions [20,222,249]. The charge storage process in RuO2 operated in acidic solutions is described in Equation (11) [6,18].


    RuO  2  +   xH  +  + x ·  e −  ↔   RuO   2 − x     ( OH )  x      ( 0 > x > 2 )  



(11)







The equation explains the participation of protons during the fast redox reaction where RuO2 acts as a proton condenser; this reaction is electrochemically reversible [246]. The continuous change of ‘x’ during the fast redox reaction produces high specific capacitance [6]. Recent research has found that the specific capacitance of amorphous structures or hydrous forms of RuO2 (RuO2·nH2O) is superior to those of anhydrous structures or crystalline phase (i.e., rutile polymorph of RuO2); this is because there are more permeable sites in RuO2·nH2O for protons, and the proton conduction inside RuO2 is dominant compared to the electron conduction [6,246]. Hydrous regions are more permeable to protons, and as a result, proton conduction is the dominant form of conduction inside ruthenium dioxide instead of electron conduction. However, the hydrous forms of RuO2 are usually prepared by solution-phase processes. The high cost associated with bulk RuO2 has been controversial regarding its use for MSC applications. However, this concern has been arguably laid to rest as low mass loading (RuO2) electrodes are required for MSC applications, typically less than 1 mg cm−2 [6,241,258].



Pioneering work on MSCs began two decades ago with a RuO2 thin film electrodeposited by the reactive DC sputtering technique [256,259]. A solid electrolyte LIPON was sandwiched between two RuO2 electrodes, but the capacitance realized was found to be much lower than the chemically obtained bulk RuO2. The low capacitance was attributed to the dense morphology and anhydrous form of the thin film electrodes. Another issue identified was the low ionic conductivity of the solid electrolyte, limiting the rate capability due to the high ohmic drop [6,259]. Efforts have been made to improve the electrochemical performance through electrode topology/configurations. Hota et al. [247] explored different fractal electrode topologies, including Hilbert, Moore, and Peano, and the conventional interdigitated configuration of the sputtered RuO2-based MSCs (Figure 8a).



Among the different electrode designs, Moore-design MSC topology exhibited the best electrochemical performance, with a capacitance of 11 mF cm−2 (168 F cm−3) and an energy density of 23.2 mWh cm−3 at a power density of 769 mW cm−3. The conventional interdigitated electrode structure has a capacitance of 8 mF cm−2 (125 F cm−3) and delivers an energy density of 17.5 mWh cm−3 at the same power density. The MSC with the Moore design showed a 32% increase in energy density, which can be attributed to the active electrode surface being responsible for the improved performance and the increase in the electric lines of force coming from the edging effects in the fractal electrodes [247].



Another approach to improving the electrochemical performance of RuO2-based MSCs is the synergistic contributions of the unique properties of RuO2 with other (pseudo)capacitive materials in a composite electrode configuration. Han et al. [249] demonstrated an example of this by uniformly coating vertical graphene with a porous RuO2 film using a solution-free reactive magnetron sputtering technique. The composite electrode achieved an area capacitance of 15.3 mF cm−2, with 50 nm-thick RuO2 on 5 µm-thick graphene. Furthermore, the composite electrode retained excellent capacitance after 10,000 charging and discharging cycles. In another study featuring hydrous RuO2 prepared on vertically aligned carbon nanowalls (CNW) through an expensive solution-based electrodeposition method reported by Dinh et al. [194], a high areal capacitance of 1 F cm−2 was achieved. This method is mainly suitable for laboratory applications. Despite concerted efforts, the satisfactory electrochemical performance of RuO2-based MSCs via PVD techniques is yet to be achieved.



Several strategies have been proposed to scale up the collective fabrication of chemically prepared RuO2 electrode-based MSCs and other oxide electrodes. For instance, Patrice Simon’s group [241], demonstrated using laser writing techniques to integrate flexible MSCs on current collector-free polyimide foils. The microdevice delivered 27 mF cm−2 (540 F cm−3) in 1 M H2SO4 and retained 80% of the initial capacitance after 10,000 cycles. The authors alluded to the fact that the laser writing fabrication process is simple and scalable on a large scale [241]. However, despite all the recorded landmarks with 2D electrode materials, the electrochemical performance of oxides has yet to meet the energy requirements of the microdevices employed in IoT applications.



This has led to the development of a novel 3D electrode material configuration, usually prepared through solution-phase processes, to boost the device’s performance [251,260]. Asbani et al. [251] fabricated an efficient 3D RuO2 electrode (∼400 nm-thick), which was step-conformally electrodeposited on a 3D silicon microtube. The 3D silicon microtubes were fabricated using deep reactive ion etching (DRIE). The 3D RuO2 electrode exhibited remarkable areal capacitance of 4.5 Fcm−2 at 2 mVs−1, while maintaining more than 2 Fcm−2 at 100 mVs−1 (10 s charge/discharge time) and maintaining 90% of the initial capacitance value after 10,000 cycles.





 





Table 3. Metal oxide electrodes for on-chip MSCs.
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	Electrode Material
	Substrate
	Synthesis/Fabrication
	Thickness (nm)
	Electrolyte
	Cell Vol.

/Pot. Window, V
	Areal Cap.

mF cm−2
	Configuration
	Reference





	RuO2
	3D-Pt nanotubes
	Electrodeposition
	130
	0.5 M H2SO4
	1.35
	320
	3D Single electrode
	[261]



	RuO2
	Si/SiO2/Ti/Au
	Electrodeposition/photolithography
	
	0.5 M H2SO4
	0.9
	3
	
	[262]



	hRuO2
	3D silicon microtubes scaffold + Al2O3/Pt
	Electrodeposition/photolithography
	427
	0.5M H2SO4
	1
	4300
	3D-parallel plates
	[251]



	RuO2-Au
	
	Electrodeposition
	NA
	PVA-H3PO4-SiWA
	0.9
	3473
	3D-parallel plates
	[260]



	hRuO2-carbon nanowires (CNWs)
	Si/Si3N4/Cr/Pt
	Electrodeposition + CVD/direct laser writing
	12,000
	0.5 M H2SO4
	0.8
	1094
	Single electrode
	[194]



	RuO2-graphene
	Si-SiO2
	PECVD + reactive sputtering
	550
	PVA-H3PO4 hydrogel
	1
	15.3
	Single electrode
	[249]



	RuOxNySz
	SiO2-Ti-Au-3D Porous Au
	Electrodeposition/photolithography
	200,000
	0.5 M H2SO4
	0.85
	14,300
	3D Single electrode
	[257]



	RuOxNySz
	SiO2-Ti-Au-3D Porous Au
	Electrodeposition/photolithography
	30,000
	PVA-SIWA
	1.1
	714
	3D Interdigitated
	[257]



	MnO2
	3D silicon microtubes scaffold
	Electrodeposition
	200
	5 M LiNO3
	1
	185
	Single electrode
	[250]



	MnO2
	Si-SiO2
	Electrodeposition/photolithigraphy
	3000
	1 M Na2SO4
	0.8
	56.3
	Intedigitated
	[228]



	MnO2
	3D silicon microtubes scaffold + Al2O3/Pt
	Electrodeposition/photolithography
	350
	0.5 M Na2SO4
	0.8
	650
	3D-interdigitated
	[263]



	MnO2
	3D siliconmicrotubes + Al2O3/Pt
	Electrodeposition
	15
	0.5 M Na2SO4
	0.8
	670
	3D-interdigitated
	[162]



	MnO2nanotubes
	PET/3D polycarbonate (PC) membrane
	Electrodeposition/PDMS-assisted transfer/photolithigraphy
	8000
	PVA-Na2SO4 hydrogel
	1
	13.2
	3D-interdigitated
	[264]



	MnO2-graphene
	Graphene (LSG)
	Electrodeposition/direct laser writing
	15,000
	1 M Na2SO4
	0.9
	852
	Interdigitated
	[201]



	MnOx-Au
	PET
	E-beam evaporation/photolithography
	50
	PVA-H2SO4 hydrogel
	0.8
	0.164
	Interdigitated
	[265]



	Ni(OH)2
	PET-Ni
	hydrothermal + spin coating/photolithigraphy
	600
	PVA-KOH hydrogel
	0.7
	0.528
	Interdigitated
	[266]



	Ni(OH)2
	Polyethylene naphthalate (PEN) sheet
	chemical bath deposition process (CBD)/photolithigraphy
	500
	1 M KOH
	0.6
	16
	Interdigitated
	[239]



	NiFe2O4
	PET-Ni
	electrospinning/photolithography
	300
	PVA-KOH hydrogel
	0.8
	0.067
	Interdigitated
	[267]



	FeWO4
	Si/Al2O3/Pt
	Reactive DC magnetron sputtering
	900
	5 M LiNO3
	0.6
	3.5
	Single electrode
	[128]



	(Mn,Fe)3O4
	Si/Al2O3/Pt
	Reactive DC magnetron sputtering
	3870
	1 M Na2SO4
	1
	80
	Single electrode
	[236]



	IrOx
	Si/SiC/Ti/Pt
	DC magnetron sputtering/lift-off photolithography
	300
	Phosphate-buffered saline (PBS)
	1
	12.75
	3D Interdigitated
	[245]



	S-doped graphene
	Si/SiO2
	Spin coating/plama etching
	10
	PVA-H2SO4 hydrogel
	1
	0.582
	Interdigitated
	[199]



	F-doped graphene
	PET
	Mask-assisted filtration
	1000
	EMIMBF4/PVDF-HFP ionogel
	3.5
	17.4
	Intedigitated
	[197]



	P-doped graphene
	Kevlar fabric
	Laser direct writing
	59,400
	PVA-H3PO4 hydrogel
	0.8
	125.35
	Intedigitated
	[198]



	Cl-doped graphene
	PET
	Mask-assisted filtration
	500
	EMIMBF4/PVDF-HFP ionogel
	3.5
	8
	Intedigitated
	[268]



	O-N-S-co-doped graphene
	Wood
	Slurry coating/Laser direct writing
	60,100
	PVA-H2SO4 hydrogel
	0.8
	82.1
	Intedigitated
	[200]



	Graphen-Thiophene
	PET
	Vacuum-filtering/Plasma etching
	105
	PVA-H2SO4 hydrogel
	1
	3.9
	Intedigitated
	[269]



	Graphene-Phosphorene
	PET
	Mask-assisted vacuum filtration
	2000
	BMIMPF6
	3
	9.8
	Intedigitated
	[177]



	Graphene-PEDOT
	PET
	Pen lithography
	20,700
	PVA-H2SO4 hydrogel
	1.2
	16
	Intedigitated
	[204]



	Graphene-CNTs/Ag nanowires
	Si/SiO2 and PET
	Plasma-jet based 3D printing
	20,000
	PVA-H3PO4 hydrogel
	0.8
	21.6
	Intedigitated
	[270]



	rGO-RuO2
	Free-standing fiber sheet
	modified Hummers + hydrothermal
	42,500
	1 M H2SO4
	1
	4479.5
	Free-standing fiber sheet
	[202]



	rGO-RuO2
	Free-standing fiber sheet
	modified Hummers + hydrothermal
	42,500
	PVA-H3PO4 hydrogel
	1
	833.425
	3D-interdigitated
	[202]



	rGO-MnO2
	NA (tansfarable to any substrate)
	Photomodulation/shaped femtosecond laser (SSFL)
	3000
	0.5 M Na2SO4
	2
	128
	3D-interdigitated
	[271]



	rGO-WO3
	highly oriented pyrolytic graphite (HOPG)
	Electrodeposition
	31,500
	0.158 M H2SO4
	1
	178
	parallel plates
	[271]



	rGO-MnO2
	Polyimide/Au
	Doctor blade + electrodeposition/Laser scribing
	15,000
	0.5 M Na2SO4
	0.9
	852
	3D-interdigitated
	[201]



	rGO-ZnO
	PET
	hydrothermal reaction/Laser scribing
	11,000
	PVA-H2SO4 hydrogel
	1
	4.3
	Intedigitated
	[272]



	Graphene-V2O5
	PET
	Electrochemical exfoliation + hydrothermal method/Plasma etching
	300
	PVA-LiCl hydrogel
	1
	3.9
	Intedigitated
	[273]



	rGO-V8C7
	PET
	Continuous centrifugal coating and laser scribing
	13,000
	PVA-LiCl hydrogel
	0.8
	49.5
	Intedigitated
	[274]



	rGO-PPy
	Free-standing nanosheets
	Polymerization + Mask-assisted filtration
	7000
	PVA-H2SO4 hydrogel
	0.8
	81
	Intedigitated
	[275]



	CNTs-Ni
	Polycarbonate (PC) sheet
	Maskless laser-assisted dry transfer/direct laser writing
	50,350
	TMOS:FA:EMI TFSI ionogel
	3
	0.43
	Intedigitated
	[211]








In addition, the introduction of heteroatoms like N and S in RuO2 has been reported to influence the oxide microstructure and surface significantly and provide better access to active sites in MSCs, as demonstrated by the group of David Pech [257]. The group fabricated interdigitated MSCs based on hydrous RuOxNySz electrodes (Figure 8b), and the conformally electrodeposited active material (RuOxNySz) on 3D porous current collectors exhibits an extremely high surface area with a nanodendritic network, demonstrating a high areal capacitance of 14.3 F cm−2 for the electrode (30 µm-thick films tested in 0.5 M H2SO4 at 5 mV s−1) in an electrochemical window of 0 to 1.1 V and 714 mF cm−2 for an all-solid-state MSC fabricated on silicon wafer, using a poly(vinyl alcohol) (PVA)-based electrolyte doped with silicotungstic acid (H4SiW12O40, SiWa), with stable performance (>80% retention after 5000 cycles). The device achieved a specific energy density of 120 µWh cm−2 and a maximum power density of 421 mW cm−2. The cell voltage of the device was extended up to 2.3 V when doped [EMIM] [TFSI] was used as the electrolyte. However, this came at the expense of a lower cell capacitance and higher ESR, while it achieved the energy and power density of 128 µWh cm−2 and 110 mW cm−2, respectively [257].




Manganese Oxides


Manganese oxides (MnOx), especially MnO2, are among the most appealing pseudocapacitive electrode materials due to their abundance, low cost, and high theoretical capacitance [18]. MnO2 has been a focus of exploration as pseudocapacitive electrodes for MSC applications since the publication of the pioneering work by the Goodenough research group in 1999 [276]. Their work highlighted the pseudocapacitive behavior of MnO2 in a neutral aqueous solution. However, achieving high capacitance performance with pristine MnO2-based electrodes in a planar ultrathin configuration is challenging. This is primarily due to the low mass loading, poor electrical conductivity (10−5 to 10−6 S cm−1), low structural stability and flexibility caused by volume expansion during charge and discharge, and electrochemical dissolution of active materials, leading to rapid capacitance degradation [146,253,265].



Consequently, several strategies have been undertaken to stabilize and improve the capacitance of the MnO2 through structural optimization (e.g., amorphous and α-, β- and λ-type crystalline MnO2 electrodes) [277,278], defect chemistry (e.g., mixed oxides, MnO2–polymer composite electrodes, MnO2-nanostructured carbon composites, noble metals) [131,279], tuning the morphologies (e.g., nanofilbers, nanorods, nanosheets) [130,280], and controllable incorporation of porosities [281], into the material to provide sufficient void nanospaces to accommodate volume expansions (i.e., better stress/strain accommodation). The porous morphology can provide a large accessible surface area, facilitate electrons/ions diffusion kinetics, stabilize the electrodes during the cycling process, and ensure good structural integrity for a long life cycle [131,282,283,284]. In addition, α-MnO2 is considered the most promising phase among the various crystallographic structures of MnO2; it has large tunnel sizes formed from double chains of MnO6 octahedra, which position the material to store more foreign cations while enabling the conversion of Mn4+ to Mn3+ ions for charge balance in reversible redox reactions, delivering it with the highest specific capacitance [131]. The pseudocapacitive behavior of MnO2 operated in neutral electrolytes can be explained by two fast Faradaic redox reactions: the intercalation process and the surface adsorption/desorption mechanism [285]. The first process involves the fast intercalation of protons (H+) and/or alkali cations (C+ = Na+, Li+, K+…) coming from the aqueous electrolyte during the redox reaction via fast Faradaic reaction in the bulk film of the MnO2, as described in Equation (12) [6,285].


    MnO  2  +   xH  +  +   yC  +  +   x + y   ·  e −  ↔   MnOOH  x   C y   



(12)




where x and y represent the number of moles of H+ and cations of C+ in the electrolyte intercalated in MnO2, respectively.



On the other hand, the adsorption/desorption mechanism involves fast and reversible surface redox reactions at the surface or near the surface of MnO2 rather than ion intercalation [253,285], as expressed in Equation (13).


    (   MnO  2  )   surface   +  C +  +  e −  ↔   ( MnOOC )   surface    



(13)







In both Faradaic processes, a redox reaction occurs between the III and IV oxidation states of Mn ions [253,285]. The pseudocapacitive behavior contributes to the high-power density of MnO2-based electrochemical devices.



Thin-film electrodes based on MnO2 are usually prepared via chemical routes such as sol–gel coating [286], vacuum filtration [284], electrodeposition [287,288], and electrophoretic deposition [287,288]. MnO2 thin film electrode deposition via PVD techniques such as electron beam evaporation [265] and sputtering [131,289] has been reported. Si et al. [265] deposited MnO2 thin film electrodes on polyethylene terephthalate (PET) substrates using electron beam evaporation; the 50 nm-thick MnOx electrode exhibits a volumetric capacitance of 37.9 F cm−3 at a scan rate of 10 mV s−1. The low capacitance obtained was attributed to the poor electronic conductivity of the film; the conductivity was enhanced by incorporating very thin layers of gold into the MnOx layer as conductive additives to enable effective charge transport and electrode integrity. The 50 nm-thick MnOx/Au electrode exhibits a volumetric capacitance of 78.6 F cm−3 at a scan rate of 10 mV s−1, resulting in ~107% performance enhancement over the pristine MnOx electrode. The composite electrode stores charge through the synergetic contribution of the double-layer and pseudocapacitive processes of the active MnOx coupled with the highly conductive gold, contributing to the total capacitance [265]. Interdigitated MSCs fabricated with 50 nm-thick MnOx/Au composite film electrode fingers demonstrated a volumetric capacitance of 58.3 F cm−3, exhibiting a maximum volumetric energy density of 1.75 mW h cm−3 and a maximum power density of 3.44 W cm−3, which is adjudged to have performed better than many existing double layer MSCs [265].



Kumar et al. [131] deposited a high specific surface area and large aspect ratio a-MnO2 nanorod’s forest (~1 µm-thick) via reactive DC sputtering technique on silver (50 nm-thick) coated porous anodic aluminum oxide (AAO) substrate. The areal capacitance of the electrode tested in 1 M Na2 SO4 was found to be 207 mFcm−2 at a scan rate of 2 mVs−1. Broughton and Brett [289] used a double-step sputtering-electrochemical oxidation process to obtain manganese oxide thin films; the electrode thin films were synthesized by anodic oxidation of metallic films deposited by sputtering, starting from vacuum deposition of manganese metal onto Pt coated Si wafers in an Argon atmosphere and subsequent electrochemical conversion of the metal film into capacitive oxide with a porous and dendritic structure in a 1 M Na2SO4 electrolyte. The oxidation behavior was studied by chronopotentiometry (CP) under constant current and linear sweep voltammetry (LSV) techniques. The thin film electrode exhibits pseudocapacitive behavior in the neutral electrolyte, but with a relatively low capacitance value.



Manganese oxide (MnOx) composite electrodes have been reported for the MSC application [140,290,291], exhibiting higher stability of the oxidation states, which is crucial for long-term performance. The redox reaction of Mn ions in these oxidation states occurs spontaneously during the charge-discharge process and their relatively broad work potential window in aqueous electrolyte solution [292,293,294,295]. Li et al. [296] deposited Mn3O4 electrode thin films via electron beam evaporation on 300 nm-thick vertically porous nickel (VPN) sputtered on polyethylene terephthalate (PET) substrate. The Mn3O4 electrode achieved a volumetric capacitance of 533 F cm−3 at the scan rate of 2 mV s−1; the interdigitated MSCs based on the Mn3O4 electrode were fabricated by a conventional photolithography process and achieved a volumetric capacitance of 110 F cm−3 at the current density of 20 μA cm−2, retaining 95% of the initial capacitance after 5000 cycles under the current density of 20 μA cm−2 [296]. In another study, an asymmetric MSC comprising rGO//MnOx exhibited an energy density of 1.02 mWhcm−3 at a maximal power density of 3.44 Wcm−3 [296], and the Sun group [297] achieved a specific capacitance of 73.25 mF cm−2 with graphene/MnO-Mn3O4 composite-based interdigitated MSC fabricated by the laser direct-writing method. The device delivered a maximum power and energy density of 1.29 mW cm−2 and 14.65 μWh cm−2, respectively, retaining 90% of its initial capacitance after 5000 cycles.



Like 3D RuO2 electrode materials, 3D MnO2 electrode materials have been demonstrated by various groups [162,250,252,298]. For instance, Bounor et al. [250] demonstrated a collective fabrication of 3D MSCs integrated on silicon wafers (Figure 8c), using MnO2 as the active electrode material deposited by a pulsed electrodeposition method. The 3D electrodeposited MnO2 electrode films (1.24 µm-thick) exhibited 1.7 F cm−2 in 5 M LiNO3 measured at a scan rate of 2 mV s−1. The MSCs fabricated with 3D MnO2 (450 nm-thick) exhibited the areal capacitance of 0.75 F cm−2 at 2 mV s−1 in 5 M LiNO3 with the cell voltage of 1 V, delivering the energy density of 50–100 µWh cm−2 while keeping the power density high (>1 mW cm−2) and the cycling life, retaining > 82% of the initial capacitance after 10,000 cycles [250]. In a recent study by the David Pech group, 3D MSCs were fabricated based on highly electrodeposited porous scaffolds of Ni/MnO2. The electrodes exhibit high areal capacitance of over 4 F cm−2 and excellent cycling stability in the ionic liquid-based electrolyte using NaFSI/Pyr13FSI [299].




Molybdenum Oxides


Molybdenum oxides (MoOx, 2 ≤ x ≤ 3) exhibit (pseudo)capacitive behavior in neutral or slightly acidic aqueous solutions, making them highly promising as MSC electrode materials, especially as negative electrodes [144,300,301]. The pseudocapacitive behavior of molybdenum oxides primarily arises from fast and reversible surface redox reactions. Mo oxides are structurally diverse with multi-valence states, multielectron redox is expected, given that Mo6+, Mo5+, and Mo4+ are all accessible and stable oxidation states [243,302,303,304]. Mo oxides exist in various stoichiometries, ranging from the nonconductive full stoichiometry MoO3 with a large bandgap of about 3.0 eV to the more conductive reduced oxide MoO2 [246,303]. These oxides are composed of layered MoO6 octahedra structures formed by der Waal forces through edge or corner sharing; the structures are beneficial for the permeation of small ions such as H+, Na+, and K+ [225,303,305,306]. Various forms of Mo oxide nanostructures [307,308] and nanocomposites [309] have been widely investigated as pseudocapacitive electrodes in classical supercapacitors, exhibiting outstanding theoretical specific capacitance (2700 F g−1) [307,308]. However, there are limited reports on the use of Mo oxides as on-chip MSC electrodes [300,310].



The charge storage mechanism of MoOx in an aqueous electrolyte can be explained by the fast Faradaic redox reactions, involving ion adsorption at the surface or near the surface of MoOx accompanied by rapid and reversible electron transfer, as expressed in Equation (14) [225].


    MoO  x  +   zC  +  +   ze  −  ↔ MoOOC  



(14)




where C+ and z represent surface-adsorbed alkali cations (C+ = Na+, Li+, K+, Zn2+…) coming from the aqueous electrolyte and the number of electron transfers, respectively.



Orthorhombic phaseα-MoO3 and MoO2 are attracting more attention due to their thermodynamic stability, the unique layered crystal structure of α-MoO3 with two interleaved sublayers, and the tunnel structure of MoO2 [144,225,243,307,308,311,312,313]. However, the widespread practical applications of MoO3-based electrodes in MSCs are limited due to poor electrical conductivity, low specific capacitance, and rapid deterioration owing to the lack of structural reliability during electrochemical reactions, resulting in poor electrochemical performance, which is attributed to the lack of electrochemically active centers and the low surface electrochemical activity of MoO3-based materials [243,309,314].



The electrical conductivity of MoO3 can be improved by (i) doping engineering, (2) defect engineering, such as introducing oxygen vacancies, MoO3−x (2 < x < 3), to act as shallow donors by increasing the carrier concentration, and (3) crystal engineering, such as reducing crystal size and converting into quantum dots [243,315,316]. Both doping engineering and crystal engineering involve complex material preparation processes, which can limit their applications in on-chip devices. Additionally, accurately controlling doping atoms can be challenging, while crystal engineering may face difficulties such as coalescence. To introduce oxygen vacancies, several techniques can be employed, including heat treatment in a specific atmosphere, high-energy particle bombardment, and chemical post-treatment, among others [225,243,315,317]. Non-stoichiometric oxygen-deficient MoO3−x (2 < x < 3) has been demonstrated to enhance the intrinsic electrical conductivity and produce an expanded interlayer distance in the MoO3, structure, thus improving the electrochemical performance [315,317,318]. Synthesis of composites and doped MoO3 electrode materials with metal ions can increase the number of electrochemically active centers at the surface, thus addressing the low specific capacities and rapid deterioration [309,313,319,320].



Zhang et al. [321] employed the screen printing technique to fabricate interdigitated MSCs on Au/polyimide (PI) substrates. The device delivered 41.7 mF cm−2 and 5.8 μWh cm−2 for the MSC with MoO3-x nanorod microelectrodes with PVA/H2SO4 gel electrolyte, retaining 81% of the initial capacitance after long-term charging-discharging cycling at 2.5 mA cm−2 for 8000 cycles; this is considered one of the highest for the MSCs with interdigital metal oxide electrodes [296,321,322,323]. For on-chip implementation, more attention is given to growing the oxide film electrodes directly onto the substrate by PVD, especially the sputtering techniques; for instance, the Zhang group [243,300] deposited MoOx (x = 2.3) thin film via RF magnetron sputtering, and the MoOx (~1 µm-thick) electrode achieved an areal capacitance of 31 mFcm−2 at 5 mVs−1 in 0.5 M Li2SO4 [243]. The group further investigated the performance of the sputtered films (860 nm-thick) in an asymmetric MSC configuration containing MoO2+x(−)//2 M Li2SO4//MnO2(+), demonstrating an energy density of 2.8 µWh cm−2 at areal power density of 0.35 mW cm−2, and good stability with no capacitance loss for 10000 cycles [243,300].



As earlier remarked, MoO2 electrodes exhibit better electronic and ionic conductivity, and the unique tunnel structure can facilitate fast ionic transport during intercalation/deintercalation reactions, expected to result in a high energy density [144,301]. However, MoO2 suffers from instability; hence, most reports on MoO2 electrodes for MSC applications are based on MoO2 composite materials [324,325]. For instance, Lin et al. [325] prepared a laser-induced graphene/MoO2 (LIG/MoO2) composite using Mo ion homo-dispersed hydrogel ink as a precursor for the laser scribing process to fabricate interdigitated MSCs to deliver an areal capacitance of 81.8 mF cm−2 and an areal energy density of 113.7 μWh cm−2 at a power density of 2.5 mW cm−2 with PVA-H3PO4 gel electrolyte. Most of the reported MoO2- and MoO3-based electrodes for MSC applications are usually synthesized via chemical processes [144,326].




Iridium Oxide (IrO2)


Iridium oxide (IrO2) is an electrically conductive transition metal oxide and is projected as one of the most interesting oxide materials for MSC applications owing to its fast reversible redox reactions between the Ir3+ and Ir4+ oxidation states, good conductivity at room temperature, and excellent stability in acidic and basic solutions [327,328]. IrO2 thin films, especially sputtered iridium oxide films (SIROFs), have been widely explored in other applications such as neural stimulation and recording electrodes in implantable bioelectronics due to their high charge capacity, low impedance, and biocompatibility [245], while the applications in MSCs are yet to be widely known. IrO2 exhibits better pseudocapacitive behavior with its hydrated phase in an acidic solution, like most binary transition metal oxides such as RuO2 and MnO2. IrO2 electrodes for aqueous MSCs application deposited by radio frequency (RF) sputtering were first reported by Liu et al. [327]. The sputtered IrO2 thin films electrode was tested in 1 M LiNO3 electrolyte, demonstrating the capacitive behavior; the sputtered IrO2 thin films electrode was tested in 1 M LiNO3 electrolyte, demonstrating the capacitive behavior within the potential window of 0–1.0 V (vs. SCE) (Figure 8d). The IrO2 thin film electrode exhibits excellent cycling stability over 10,000 cycles in LiNO3 solution, and the pseudocapacitive process within the IrO2 thin film electrode was expressed as:


    (   IrO  2  )   surface   +  C +  +  e −  ↔   (   IrO  2 −   C +  )   surface    



(15)




where C+ is the electrolyte cation



Inspired by the applications in neural interface research, Geramifard et al. [245] studied the electrochemical performance of the interdigitated MSCs based on 300 nm-thick SIROFs; the device was fabricated via lift-off photolithography and was operated in two different physiological aqueous electrolytes, phosphate-buffered saline (PBS) and an inorganic model of interstitial fluid (model-ISF) in a potential range of −0.6 to +0.8 V, exhibiting capacitance of 12.75 mF cm−2 (425 F cm−3) in PBS and 6.7 mF cm−2 (223 F cm−3) in model-ISF, and an energy density of 59.1 mWh cm−3 in PBS and 30.9 mWh cm−3 in model-ISF. The device demonstrated stability over 100,000 cycles at 200 mV s−1 without loss of capacitance in these electrolytes. In addition, a number of studies have investigated IrO2 electrode composites [329].




Iron Oxides


Iron oxides, especially Fe2O3 and Fe3O4, are promising negative electrode materials in aqueous alkaline [330,331,332] and neutral [333,334,335,336] electrolytes; they exhibit a surface redox pseudocapacitance in a relatively wide operating potential window in negative potential (0 to -0.8 V vs. Ag/AgCl) and behave like a battery material when the window is extended [337,338,339,340]. Fe oxides are structurally diverse with multi-valence states (Fe0, Fe2+, Fe3+, etc.), and the rich oxidation-reduction reactions (Fe2+/Fe3+, Fe0/Fe2+, Fe0/Fe3+, etc.) are beneficial to high specific capacitance performance [341]. Crystal structures play a crucial role in adjusting the electrochemical properties/performance of the iron oxide electrode materials. Among the various crystal structures of Fe2O3, α-Fe2O3 (rhombohedral-centered hexagonal) is the most thermodynamically stable and more attractive candidate for MSC applications, while other phases such as β-Fe2O3 (cubic body-centered), γ-Fe2O3 (cubic structure of inverse spinel type), and ε-Fe2O3 (orthorhombic) are intermediary metastable and can easily evolve to α-Fe2O3 when subjected to heat treatment [342,343].



Despite their potential benefits, significant volume expansion, poor rate stability, low cycle lifetime, and poor electrical conductivity limit their practical applications as MSC electrodes [344]. However, attempts have been made to address these challenges, such as combining them with a highly conductive matrix to mitigate the structural distortion that usually leads to the deterioration of the inherently fragile material structure [344,345,346,347].




Tungsten Oxides


Tungsten oxides (W oxides), particularly WO3, exhibit good electronic conductivity (10−6–10 Scm−1), high intrinsic density (>7 gcm−3), multi-valence states (from W2+ to W6+), and high theoretical specific capacitance (1112 Fg−1) [348,349,350,351,352,353]. The charge storage mechanism of WO3 arises from electrochemical intercalation/deintercalation with protons, as expressed in Equation (16).


    WO  3  +   xH  +  +   xe  −  ⇌  H x    WO  3    0 < x < 1    



(16)







The demonstration of pseudocapacitive behaviors is considered an important merit for MSC applications [350,353,354]. Just like Mo oxides, W oxides appear in various stoichiometries, from stoichiometric WO3 to more conductive nonstoichiometric WO3-x (2 < x < 3) [355]. The crystal structure of W oxides plays a critical role in the electrochemical performance; WO3 exists in various polymorphs, including tetragonal (α-WO3), orthorhombic (β-WO3), monoclinic (γ-WO3), triclinic (δ-WO3), monoclinic (ε-WO3), and hexagonal (h-WO3) [355,356]. Monoclinic (γ-WO3) is the most stable phase among the crystal structures, while hexagonal (h-WO3) is more attractive due to larger hexagonal tunnels to benefit the insertion of protons without changing the crystal structure, but unfortunately, the phase is metastable and can easily be transformed to monoclinic, which is the most stable phase [345,355,356].



It is worth noting that the bulk state of WO3 exhibits battery-type energy storage behavior with redox phase transformation, so WO3 is mostly used in composite electrodes, especially within a porous conductive carbon network; they exhibit pseudocapacitive behavior [141,353,354,357,358]. For instance, Shi et al. [359] prepared 3D hierarchical porous carbon/WO3 nanocomposites using carbonization and solvothermal processes. The MSC based on the nanocomposites achieved a specific capacitance of 20 mF cm−2 in polyvinyl alcohol–sulfuric acid gel electrolyte. Again, Hapel et al. [360] employed a multi-step process to prepare a nanocomposite comprising WO3-x and rGO by grafting WO3 nuclei onto GO defect sites by electrochemical processing and nanoparticle growth, followed by the electroreduction in unprotected oxidation sites of GO to form a highly conductive reduced graphene oxide (rGO) support. The fabricated MSCs based on the composite electrode achieved a maximum energy density of 19.8 Wh cm−3 and a maximum power density of 80.4 Wcm−3.



In addition, Shinde et al. [355] have proposed that metallic tungsten can be converted into various tungsten oxides through an electrochemical route, initiating from the surface of metallic tungsten interpenetrated with an aqueous electrolyte. The electrochemical properties of the surface oxide on metallic tungsten can be harnessed and greatly benefit the pseudocapacitance [361,362,363,364]. In this context, pure metallic W can be investigated as MSC electrodes.




Vanadium Oxides


Vanadium oxides are pseudocapacitive electrode materials and are known for their high power density, natural abundance, and high theoretical specific capacitance [221,344,365]. V oxides exhibit multiple oxidation states from +2 to +5. V5+ is the most stable, while V4+ is the most unstable, making V2O5 more attention-grabbing [221,344,357,366]. The crystalline form of V2O5 (orthorhombic) does not exhibit capacitive behavior when in bulk form but instead displays battery electrode characteristics, whereas amorphous V2O5 exhibits pseudocapacitive behavior [357,367]. However, poor electronic conductivity (10−2–10−3 S cm−1) and structural instability are major issues faced by vanadium oxides. Various strategies have been exploited to improve their electrochemical performance, including forming composites with highly conductive materials and structural control to stabilize the material [221]. Liu fabricated a 3D MSC with V2O3 to achieve a volumetric energy density of 110 mWh cm−3. Huang et al. [368] fabricated vanadium oxide/carbon nanowire electrode composites to achieve a high areal capacitance of 1.31 F cm−2 at 1 mA cm−2 in a 5 M LiCl aqueous solution, and the MSC obtained a volumetric energy density of 3.61 mWh cm−3 at 0.01 W cm−3, retaining 91% of its capacitance after 10,000 galvanostatic charge–discharge cycles.




Other Binary Metal Oxides


Other binary metal oxides, such as niobium oxides [369,370,371], titanium oxides [372,373], nickel oxides [374,375], cobalt oxides [376,377,378], and copper oxides [323,379] have been studied by various investigators. These pseudocapacitive electrode materials suffer poor electronic conductivity and structural instability, limiting their practical applications as MSC electrode materials. However, they have been explored as composites with highly conductive materials [370,372,373]. Oxygen deficient metal oxides could also propose nice electrical conductivity, which could be suitable for high power applications [315,380,381].




Mixed-Metal Oxide Electrodes


Many polycationic oxides have been found to exhibit a capacitive-like behavior and are considered one of the leading contenders to replace carbon-based electrode materials, especially in conventional supercapacitors. Examples of mixed-metal oxides that exhibit (pseudo)capacitive behavior include spinel oxides (AB2O4, A = divalent metal ion with +2 oxidation state and B = trivalent metal ion with +3 oxidation states) [382,383] such as MnFe2O4 [384] and FeCo2O4 [385]; perovskite oxides (ABO3) such as; and wolframite transition metal tungstate (AWO4, A = Mn, Fe, Co, Ni, Cu, Zn) such as FeWO4 [386,387,388], CoWO4 [389], NiWO4 [390], ZnWO4 [391], and CuWO4 [391]. Unfortunately, the preparation routes of these compounds [386,392] are largely not compatible with microfabrication protocols employed in the electronics industries, thereby restricting their applications for on-chip MSC applications.



However, recent development has shown that there is a possibility of obtaining some of the multicationic mixed-metal oxide electrodes via magnetron sputtering techniques [128,236]. This is a game changer and one of the most promising candidates for on-chip MSC applications. For instance, Lethien group developed mixed-metal oxide electrodes by reactive DC magnetron sputtering, a deposition method widely used in the semiconductor industry to manufacture micro-devices [128,236]. The first study investigated sputtered wolframite-type oxide and iron-tungstate oxide (FeWO4) films in a neutral aqueous electrolyte (5 M LiNO3) (Figure 9a) [128].



The sputtered films exhibited capacitance behavior in the negative potential (vs. Ag/AgCl), in good agreement with the one reported for the FeWO4 bulk counterpart [387]. The sputtered 900 nm-thick FeWO4 film achieved an areal capacitance of 3.5 mFcm−2 at 10 mVs−1 with excellent capacitance retention. Regarding the low capacitance value obtained for this sputtered FeWO4 film, a small amount of Fe or W is redox active. This group also investigated mixed Mn-Fe spinel oxide films in a neutral aqueous electrolyte (1 M Na2SO4) (Figure 9b) [236]. The electrochemical signature of the sputtered (Fe,Mn)3O4 spinel oxide films is comparable to those reported for their spinel-type Mn-Fe bulk counterparts [393,394]. The areal capacitance at 10 mVs−1 is 15.5 mFcm−2 for 1 μm thick film, exhibiting excellent coulombic efficiency and long-term cycle stability after 10,000 cycles.





3.2.2. Metal Nitrides


Metal nitride-based electrode materials have attracted significant attention as promising pseudocapacitive electrodes due to their metal-like conductivity and excellent electrochemical properties [59]. Metal nitrides differ from metal oxide-based electrode materials, which exhibit high capacitance in their hydrous forms and are typically prepared using solution routes. High-performance metal nitrides can be obtained through vacuum deposition techniques, particularly sputtering deposition [139,145,395,396,397,398]. This benefit can also be leveraged to perform large-scale depositions of porous nitride thin films, which is considered an advantage for mass production of on-chip MSCs via microfabrication processes. Table 4 summarizes various nitride electrodes for on-chip MSC applications.



Vanadium Nitride


Vanadium nitride (VN) is the most widely investigated nitride material for MSC applications due to its outstanding electrochemical performance in aqueous media [399], multiple oxidation states (II–V), and high electronic conductivity (about 1.6 × 106 S m−1) [398], bifunctional properties, serving as both the current collector and the electrochemically active material (working electrode) [400], its negative potential in aqueous electrolytes, which endows its utilization as negative electrodes in an asymmetric MSC configuration [45,145]. Brousse’s group [400] investigated the charge storage mechanism in the VN film electrode prepared by reactive magnetron sputtering in both aqueous (KOH) and organic (NEt4BF4) electrolytes; they observed that the charge storage mechanism depends on the nature of the electrolytes. In the presence of KOH, fast and reversible redox reactions were observed, with characteristics of pseudocapacitance, while in the case of NEt4BF4 in acetonitrile enabled, only double layer capacitance was observed. Further investigation on the charge storage mechanism was conducted by Bondarchuk et al. [401], leaving room for speculation due to an uncovered anomalous non-faradaic capacitance.



The Lethien group [399] employed a combination of numerous advanced characterization techniques to further unravel the charge storage mechanism in the sputtered porous VN films (Figure 10a). The VN films were obtained via the sputtering deposition technique. X-ray photoelectron spectroscopy (XPS) with time-of-flight secondary ion mass spectrometry (ToF-SIMS) measurements were performed on the films to reveal the species of VN, vanadium oxide (+III and +IV), and a small amount of vanadium oxynitride in the films. A further analysis was conducted using times-resolved operando X-ray absorption spectroscopy (XAS) under synchrotron radiation in KOH electrolyte. The result clearly showed a thin vanadium oxide layer on the VN, which plays a key role in the fast charge transfer occurring during the redox process, and the V oxidation state in the VN film is close to +4, agreeing with the XPS results. The VN film primarily acts as a conductive scaffold for electron transport, while the amorphous mixed-valence vanadium oxides (+3/+4) serve as the redox-active material, allowing fast charge transfer.



A 16 μm-thick sputtered VN film was tested in 1 M KOH to achieve a high capacitance of 1.2 F cm−2 (>700 F cm−3). It retained 80% of its initial capacitance after 50,000 cycles. Moreover, the MSC based on the sputtered VN electrode delivered 25 μWh cm−2, which is quite competitive with cutting-edge transition metal oxide/nitride materials and exceeds the performance of standard carbon electrodes [399]. This group made the assumption that a thin layer of vanadium oxides is responsible for the charge storage mechanism while the VN is used for fast electron transport, making this material a pertinent material for MSC applications.



The reaction in Equation (17) was proposed to elucidate the charge storage mechanism of the VN films tested in an alkaline KOH electrolyte [399]:


   V  4 +    O 2  +  H 2  O + 2   V  e −  ↔  V  3 +   O O H + O  H −   



(17)







However, it has been reported that the VN stability in aqueous electrolytes is a major issue, as it can cause a structural change that affects the potential use of energy storage systems [402]. To address this issue, efforts have been made to improve stability and electrochemical performance by adjusting the physicochemical properties during the deposition processes [62,260]. For instance, Jrondi et al. [255] tuned the sputtering deposition process to achieve a high surface capacitance value of 1.4 F cm−2, which demonstrates excellent cycling stability, retaining 90% of the initial capacitance after 150,000 cycles. Additionally, the film exhibits an ultra-high rate capability, with 75% of the initial capacitance maintained at 1.6 V s−1 [255].




Ruthenium Nitride


Ruthenium nitride (RuN) electrodes are unexplored for MSC on-chip applications. Studies have shown that RuN electrode films exhibit good electrochemical properties, similar to those of RuO2 in aqueous electrolytes [53,397]. A recent investigation by the Lethien group [53] sputtered porous RuN films with nanofeather morphology; the RuNelectrode properties were modified through an electrochemical oxidation process (EOP). The RuN nanofeather electrode benefited from the charge transfer at the electrode/electrolyte interface between the hydroxide ions (from the 1 M KOH electrolyte) and the feather-edge amorphous RuO2 pre-EOP and the h-RuO2 post-EOP. The electrode demonstrated remarkable performance (3.2 F cm−2 and 3200 F cm−3), with only a slight decrease in rate capability (τ < 10 s).





 





Table 4. Metal nitride electrodes for on-chip MSCs.
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	Electrode Material
	Substrate
	Synthesis/Fabrication
	Thickness (nm)
	Electrolyte
	Cell Volt./Pot. Window, V
	Areal Cap.

mF cm−2
	Vol. Cap.

F cm−3
	Configuration
	Ref.





	VN
	Ta foil
	Sputtering/nitridation
	400
	1 M KOH
	0.6
	3
	75
	Single electrode
	[401]



	VN
	Si/Si3N4
	Sputtering
	16,000
	1 M KOH
	0.6
	1200
	700
	parallel plates
	[399]



	VN
	Si/Si3N4
	Sputtering
	3400
	1 M KOH
	0.6
	220
	650
	Single electrode
	[59]



	VN
	Si/Si3N4
	Sputtering
	2000
	1 M KOH
	0.6
	40
	
	Interdigitated
	[59]



	VN
	Si/Si3N4
	Sputtering
	32,200
	1 M KOH
	0.6
	1400
	
	Single electrode
	[255]



	Cr-doped VN
	Si
	Sputtering
	NA
	1 M KOH
	1
	190
	NA
	Single electrode
	[403]



	VN-carbon nanosheets
	Carbon nanosheets
	Nitridation
	17,000
	PVA-KOH hydrogel
	0.9
	2046.12
	1203.6
	Single electrode
	[404]



	W2N
	Si/Si3N4
	Sputtering
	7900
	1 M KOH
	0.6
	550
	700
	Single electrode
	[395]



	Mo2N
	Ti foils
	Sputtering
	1242
	0.5 M Li2SO4
	0.9
	55
	722
	Single electrode
	[405]



	RuN
	Si
	Sputtering
	450
	1 M KOH
	0.9
	6
	133
	Single electrode
	[397]



	RuN
	Si/Si3N4
	Sputtering
	10,000
	1 M KOH
	0.85
	3200
	3200
	Single electrode
	[53]



	VWNz
	Si/Si3N4
	Sputtering
	150
	1 M KOH
	0.6
	11.5
	700
	Single electrode
	[406]



	TiN
	Si
	Sputtering
	15,600
	0.5 M H2SO4
	0.8
	27.3
	42.6
	parallel plates
	[407]



	TiN
	Si
	Sputtering
	770
	0.5 M K2SO4
	0.7
	12
	146.4
	Single electrode
	[408]



	TiVN
	Si
	Sputtering
	270
	1 M KOH
	1
	15
	500
	Single electrode
	[409]



	Nb4 N5
	Nb foil
	Electrodeposition
	17,400
	1 M H2SO4
	0.6
	225.8
	72.3
	Single electrode
	[410]



	Nb4N5-N-doped carbon
	Nb foil
	Electrodeposition
	17,402
	1 M H2SO4
	1
	232.9
	133.85
	parallel plates
	[410]



	CrN
	Si
	Sputtering
	1100
	0.5 M H2SO4
	0.8
	12.8
	116.36
	parallel plates
	[411]



	CrN
	Si
	Sputtering
	2100
	0.5 M H2SO4
	0.8
	17.7
	83.26
	parallel plates
	[412]



	CrN
	Si
	Sputtering
	1100
	0.5 M H2SO4
	0.8
	31.3
	284.55
	parallel plates
	[413]



	Mn3N2
	Stainless steel
	Sputtering
	NA
	1 M KOH
	0.9
	118
	NA
	Single electrode
	[414]



	MoNx-TiN
	Ti foils
	Electrodeposition + nitridation
	4000
	1.0 M LiOH
	0.6
	121.5
	NA
	Single electrode
	[415]



	Co3N
	Si
	Sputtering
	929
	6 M KOH
	0.6
	79.1
	851.4
	Single electrode
	[416]



	CNTs-TiN (3.4/1.2 µm)
	Si/amorphous carbon film
	CVD + Sputtering
	4600
	K2SO4
	0.7
	18.13
	-
	Single electrode
	[417]



	CNTs-VN (3.4/1.3 µm)
	Si/SiO2
	CVD + Sputtering
	4700
	K2SO4
	0.5
	37.5
	-
	Single electrode
	[214]



	CNTs-VN
	CNT fibers
	Solvothermal
	30,000
	3 M KOH
	1
	564
	-
	Single electrode
	[215]
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Figure 10. Metal nitride electrode materials for on-chip micro-supercapacitor applications. (a) Vanadium nitride electrode films. SEM cross-section images of the sputtered porous VN films with the charge storage process, CV plot of the VN electrode vs. the thickness, evolution of the areal and volumetric capacitances vs. the thickness, and capacitance retention vs. the number of cycles (16 μm-thick film) at 50 mV s−1, respectively. Reproduced with permission from [399]. Copyright (2020), Royal Society of Chemistry. (b) Sputtered tungsten nitride films as pseudocapacitive electrodes for on chip micro-supercapacitors. SEM cross-section images of the sputtered W2N films, CVs of various W2N film thickness measured at 5 mV s−1 in 1 M KOH, and the corresponding areal capacitance, respectively. Reproduced with permission from [395]. Copyright (2019), Elsevier. (c) Wafer-scale performance mapping of magnetron-sputtered vanadium tungsten nitride. VWNz sputtered on silicon wafers, CV plot of the VWNz films, and film stability in KOH electrolyte, respectively. Reproduced with permission from [406]. Copyright © 2024, American Chemical Society. 
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Other Binary Nitride Electrodes


Besides the most widely exploited VN-based electrodes, other nitride materials issued from microelectronics can be synthesized/deposited and investigated as electrode materials for on-chip MSC applications. Examples of these metal nitrides are tungsten nitride (WN, W2N) [395,418], chromium nitride (CrN, Cr2N) [139,396,411,412], manganese nitride (MnN, Mn3N2) [414,419], titanium nitride (TiN) [408,420], molybdenum nitride (MoN) [421] ruthenium nitride (RuN) [397], niobium nitride (NbN) [422], hafnium nitride (HfN) [423], and cobalt nitride (Co3N) [423]. Wei et al. [411] reported the preparation of CrN thin films by reactive DC magnetron sputtering. The sputtered CrN thin film electrodes achieved a specific areal capacitance of 12.8 mF cm−2 at 1.0 mA cm−2, retaining about 92% of the initial capacitance after 20,000 cycles in a 0.5 M H2SO4 electrolyte, and fabricated MSCs based on CrN (in a face-to-face configuration) to deliver an energy density of 8.2 mW h cm−3 at a power density of 0.7 W cm−3 along with outstanding cycling stability. Qi et al. [412] fabricated symmetric MSCs based on porous CrN thin film electrodes deposited by sputtering to obtain a capacitance of 17.7 mF cm−2 at a current density of 1.0 mA cm−2 in a 0.5 M H2SO4 electrolyte, delivering maximum energy and power densities of 7.4 mWh cm−3 and 18.2 W cm−3, respectively. Ouendi et al. [395] achieved capacitance values up to 0.55 F cm−2(>700 F cm−3) with sputtered 7.9 μm-thick W2N films in 1 M KOH aqueous electrolyte (Figure 10b). Sputtered NbN thin film electrodes on silicon substrate demonstrated a volumetric capacitance of 707.1 F cm−3 in 0.5 M H2SO4 aqueous electrolyte with good cycling stability, recording 92.2% capacitance retention after 20,000 cycles [423]. HfN thin film electrodes deposited by reactive DC magnetron sputtering demonstrated an achieved areal capacitance of 5.6 mF·cm−2 at 1.0 mA·cm−2 in 0.5 M H2SO4 aqueous electrolyte [422]. Sputtered TiN thin films on silicon substrate achieved a volumetric capacitance of 146.4 F cm−3, with outstanding cycling stability over 20,000 cycles [408]. A fabricated MSC based on tailored surface sputtered TiN thin film electrodes achieved energy and power densities of 23 mWh cm−3 and 7.4 W cm−3, respectively [420]. Sputtered Mn3N2 thin film electrodes were comparatively tested in basic, neutral, and acidic electrolytes, they demonstrated areal capacitance values of 118 mF cm−2 for KOH, 68 mF cm−2 for KCl, and 27 mF cm−2 for Na2SO4 at a scan rate of 10 mVs−1. The Mn3N2 electrodes indicated better stability in alkaline media than the neutral and acidic electrolytes [414]. These materials are becoming more competitive with VN-based electrodes due to recent concerted efforts to fine-tune their properties to achieve better electrochemical performance.



In addition, the formation of nitride composite (not limited to VN) materials is considered a viable strategy to mitigate against the electrochemical oxidation and the dissolution of the pristine metal nitride materials, usually encountered in aqueous electrolytes, thus enhancing the electrochemical performance and improving the cycle life [402,404,424,425]. Numerous MSCs based on nitride composite electrodes have been exploited with impressive electrochemical performance. Unfortunately, there is a restriction on the on-chip implementation due to the preparation techniques, which are largely not compatible with electronic microfabrication protocols. The common processing routes to obtain the majority of the composites include hydrothermal [404,418,426], a solvothermal process employing nitridation [215,427], and chemical methods [428]. An example is the solvothermal process to prepare VN-CNTs composite electrodes for wearable MSCs application, achieving a specific capacitance of 564 mFcm−2 (188 Fcm−3) in a 3 M KOH aqueous electrolyte [215]. Another report of an NV-carbon nanosheet composite (VN-CNS) electrode for MSCs prepared by hydrothermal process demonstrated a high volumetric capacitance of 1203.6 F cm−3 at 1.1 A cm−3 and a high rate capability of 703.1 F cm−3 at 210 A cm−3 in 1 M KOH electrolyte, retaining 90% of the initial capacitance after 10,000 cycles [404].




Mixed-Metal Nitride Electrodes


Like mixed-metal oxide electrodes, mixed-metal nitride electrodes are currently receiving notable attention due to the synergy of the participating multivalent metal cations in modifying the properties of their parent compounds to improve electrochemical performance. Taking advantage of the processing techniques, especially physical vapor deposition like sputtering techniques that are CMOS compatible, is capable of obtaining thin films on a large wafer. For instance, the electrochemical behavior of VN electrodes is principally due to pseudocapacitive charge storage, exhibiting high areal capacitance [399], while, unlike VN electrodes, TiN appears to be mainly ruled by EDL type, exhibiting high cycling ability [409,420]. The synergistic electrochemical effects of coupling the participating transition metals, in this case, mixed titanium and vanadium (Ti,V)N, have aroused research interest for MSC applications. Achour et al. [409] reported an example of this synergy, using a reactive DC co-sputtering technique to deposit titanium vanadium nitride (TiVN) thin film electrodes with different Ti/V ratios. The results showed that the V-rich electrode sample exhibits a Faradic behavior that limits its cycling ability. Despite a high capacitance of 24 mFcm−2 at 2 mVs−1, incorporation of Ti in the film drastically improves the cycling ability, with virtually no fade in capacitance after 10,000 cycles. The Ti-rich electrode exhibits 5 mFcm−2, while the TiVN electrode (with a Ti/V ratio close to 1.1) exhibits an areal capacitance value of 15 mFcm−2 (500 Fcm−3) at 2 mVs−1 in 1 M KOH electrolyte solution. Similarly, a thin film of TiVN deposited on stainless steel substrates by a pulsed DC magnetron sputtering technique was tested with 1 M Na2SO4 electrolyte to achieve a volumetric capacitance of 155.94 Fcm−3 [424].



In addition, Niobium titanium nitride (NbTiN) thin film electrodes were deposited using the reactive magnetron co-sputtering technique. The electrodes exhibit a specific capacitance of 59.3 mF cm−2 at 1.0 mA cm−2 (or 154.4 mF cm−2 at 100 mV s−1) along with excellent long-term stability (at least 20,000 cycles), superior to that of TiN (26.9 mF cm−2 at 1.0 mA cm−2) and NbN (39.6 mF cm−2 at 1.0 mA cm−2) electrodes [429]. Dinh et al. [406] investigated the electrochemical properties of sputtered VWNz on a large silicon wafer in alkali aqueous electrolytes (Figure 10c). The electrode film showed excellent electrochemical performance with a volumetric capacitance of 700 Fcm−3 (11.5 mF cm−2) and no loss in capacitance retention after 5000 cycles.





3.2.3. Metal Carbides/Carbonitrides


Transition metal carbides/carbonitrides (MXene) are an emerging class of transition metal-based electrode materials for MSCs applications, having the general formula    M  n + 1    X n   T x      n = 1 ,   2 ,   or   3    , where M is an early transition metal (e.g., Sc, Ti, Zr, Hf, V, Nb, Ta, Cr, and Mo), X denotes carbon or nitrogen, and T represents the surface terminations or functional groups (=O, –OH, and/or –F), and x is the number of functional termination groups [430,431,432,433]. The unique structures exhibited by MXenes with the inner conductive transition metal carbide layer enable efficient electron transportation, and the hydrophilicity rendered by the transitional metal oxide-like surface functional groups can act as active sites for fast redox reactions and also influence the Fermi level density of the states, thereby electronic properties [432,434]. MXenes are particularly promising because the 2D nature of the nanosheets can facilitate the intercalation of electrolyte ions between adjacent layers and, in the meantime, shorten the ion diffusion paths between positive and negative electrodes [433,434]. Several groups have reported successful synthesis of MXene thin films for MSC applications [434,435,436,437].



Titanium carbide MXene (Ti3C2Tx) has leapt to the forefront and become the most widely studied among the successfully realized MXene family for MSCs applications. This is due to its ultrahigh conductivity (2.4 × 105 S cm−1) [438], good electrochemical properties, having demonstrated an outstanding volumetric capacitance of ≈1500 F cm−3 with good rate capability in acidic media [439], and excellent mechanical properties [430]. The Gogotsi group [231] unraveled the charge mechanism exhibited by MXenein aqueous media and observed a change in the interplanar spacing between Ti3C2Tx layers, resulting in electrode deformations, i.e., expansion/contraction, which was attributed to the occurrence of spontaneous intercalation of some cations (Li+, Na+, Mg2+, K+, NH4+, and Al3+) when MXene samples are exposed to aqueous electrolytes during the cycling process. Electrochemical in situ XAS measurements further detected changes in the Ti oxidation state during cycling, confirming that the electrochemical behavior of Ti3C2Tx is predominantly pseudocapacitive [440]. The group asserted that the spontaneous ion intercalation provides access to electrochemically active transition metal oxide surfaces, with the Ti oxidation state in Ti3C2Tx being much closer to +2 than +4, unlike the case in TiO2 and cubic TiC, while the conductive carbide layer ensures rapid charge transfer. A summary of the electrochemical performance of recently exploited MXene-based on-chip MSCs is presented in Table 5.



Ti3C2Tx electrodes are usually prepared via wet etching [434], which is largely compatible with microfabrication protocols and offers a great opportunity for implementation in on-chip MSC applications. MXene-based on-chip MSCs can be achieved through various patterning techniques, either by direct patterning, such as laser scribing or reactive ion etching, of MXene solid on the desired substrate [441,442] or by printing of the MXene ink [430,433]. MXene (Ti3C2Tx) electrode materials have demonstrated good electrochemical properties in aqueous media.





 





Table 5. MXene electrodes for on-chip MSCs.
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	Electrode Material
	Substrate
	Synthesis/Fabrication
	Thickness (nm)
	Electrolyte
	Areal Cap.

mF cm−2
	Vol. Cap

F cm−3
	Energy Density

mWh cm−3
	Power Density

W cm−3
	Configuration
	Ref.





	Ti3C2Tx
	Free-standing
	Etching
	20,000
	1 M KOH
	680
	340
	NA
	NA
	Single electrode
	[231]



	Ti3C2Tx
	Free-standing
	Etching
	12,000
	PVA-KOH hydrogel
	636
	530
	NA
	NA
	Single electrode
	[438]



	Ti3C2Tx
	Paper
	Screen printing
	20,000
	PVA-H2SO4 hydrogel
	1108
	-
	-
	-
	Intedigitated
	[431]



	Ti3C2Tx
	3D LIG
	direct CO2 laser-scribing/lift-off lithography
	NA
	2 M H2SO4
	1348
	-
	-
	-
	Intedigitated
	[230]



	Ti3C2Tx
	PET
	3D Printing
	NA
	PVA-H2SO4 hydrogel
	2337
	-
	-
	-
	Intedigitated
	[443]



	Ti3C2Tx
	Glass
	Extrusion 3D Printing
	NA
	PVA-H2SO4 hydrogel
	1035
	-
	1
	0.005
	Intedigitated
	[432]



	Ti3C2Tx
	Glass
	Spray coating/laser cutting
	1300
	PVA-H2SO4 hydrogel
	27.3
	356.8
	18
	15
	Intedigitated
	[441]



	Ti3C2Tx
	PET
	Stamping
	690
	PVA-H2SO4 hydrogel
	61
	884
	44.2
	90
	Intedigitated
	[444]



	Ti3C2Tx
	PET
	CO2 laser machining + spray coating
	4000
	PVA-H3PO4 hydrogel
	23
	57.5
	2.8
	0.744
	Intedigitated
	[3]



	Ti3C2Tx-Graphene
	PET
	Spray coating/Mask-assisted filtration
	1000
	PVA-H3PO4 hydrogel
	3.26
	33
	3.4
	0.2
	Intedigitated
	[445]



	Ti3C2Tx
	Paper
	Vacuum-assisted filtration/laser printing
	2200
	PVA-H2SO4 hydrogel
	27.29
	124.05
	6.1
	0.85
	Intedigitated
	[446]



	Ti3C2Tx-RuO2
	Paper
	Screen printing
	270
	PVA–KOH hydrogel
	23.3
	864.2
	13.5
	48.5
	Intedigitated
	[433]



	Ti3C2Tx
	PET/Au/PDMS
	Vacuum-assisted filtration/Laser marking
	4000
	PVA-H2SO4 hydrogel
	73
	183
	12.4
	4.38
	Intedigitated
	[447]



	Ti3C2Tx
	Glass
	Dip coating/scalpel engraving
	150
	PVA-H3PO4 hydrogel
	0.283
	18.9
	0.67
	6.67
	Intedigitated
	[435]



	Ti3C2Tx-graphene
	Si-SiO2
	Scratch method
	5000
	PVA-H3PO4 hydrogel
	18.2
	36.4
	2.3
	0.16
	Intedigitated
	[448]



	Ti3C2Tx-sodium alginate-Fe2+
	Si
	Etching/inkjet-printing
	730
	PVA-H3PO4 hydrogel
	123.8
	1696
	85
	4.6
	Intedigitated
	[449]








Jiang et al. [450] fabricated wafer-scale on-chip MXene MSCs for AC-Line filtering applications using a conventional photolithographic lift-off process with 100 nm-thick interdigitated electrodes (Figure 11a) to deliver a volumetric capacitance of 30 F cm−3 at 120 Hz and a very short relaxation time constant of 0.45 ms, surpassing conventional electrolytic capacitors of 0.8 ms. The fabricated device is capable of filtering 120 Hz ripples produced by AC line power at a frequency of 60 Hz.



In a recent study, 3D MXene symmetric MSCs were fabricated using printing techniques [451]. The study leveraged the synergy of a high-voltage “water-in-LiBr” (WiB) gel electrolyte, which has a high voltage window of 1.8 V, and 3D-printed microelectrodes to achieve an ultrahigh areal energy density of 1772 μWh cm−2. However, like other 2D layered materials, MXene nanosheets are prone to self-restacking and agglomeration during electrode microfabrication due to the build-up of van der Waals forces between neighboring nanosheets, leading to a loss of electrochemically active surface to be accessed by electrolyte ions and thus hampering the full utilization of electrochemical reactions [433,452,453]. One of the measures considered to prevent self-restacking is the development of MXene composites by introducing redox-active (such as MnO2 [454,455] or RuO2 [433]) or carbon-based [445,456] materials as molecular spacers between the layers to keep the MXene nanosheets separated within the electrodes, thus increasing the accessible electroactive sites and greatly improving the accessibility of electrolyte ions, thereby enhancing the electrochemical performance [433,453,453,457]. Another strategy is the modification of the fabrication process to prevent restacking [431].



Li et al. [433] fabricated MSCs based on Ti3C2Tx-RuO2 composite electrode by screen-printing technique to achieve volumetric capacitance of 864.2 F cm−3 at 1 mV s−1 with PVA–KOH gel electrolyte, having good capacitance retention of 90% after 10,000 cycles and a good rate capability of 304 F cm−3 at 2 V s−1. The device achieved a remarkable energy density of 13.5 mWh cm−3 and a power density of 48.5 W cm−3. Qin et al. [458] fabricated interdigitated MSCs by conventional photolithography using interconnected porous PEDOT-MXene composite electrodes prepared by electrochemical polymerization (EP). The MSC demonstrated an areal capacitance of 47.4 mF cm−2 and a high volumetric energy density of 20.05 mWh cm−3. In another study, Kim et al. [453], fabricated interdigitated MSCs by electron beam lithography and photolithography using Ti3C2Tx-CNTs composite electrodes to achieve a high areal capacitance of ~317 mF cm−2 at a scan rate of 50 mV s−1. Ma et al. [430] fabricated interdigitated MXene-polymer (MXene/poly(3,4-ethylenedioxyth iophene):poly(styrenesulfonic acid) (MXene/poly(3,4-ethylenedioxyth iophene):poly(styrenesulfonic acid) (MP) composite-based MSCs via inkjet printing to deliver a high volumetric capacitance of 754 F cm−3 and an energy density of 9.4 mWh cm−3 and are considered one of the best performing reported inkjet-printed MSCs to date [179,459,460,461]. The interdigitated MXene-based MSCs fabricated on a flexible substrate by Zheng et al. [433] via screen printing technique exhibit a remarkably high areal capacitance of 1.1 F cm−2 and an energy density of 13.8 μWh cm−2 with an aqueous H2SO4-PVA gel electrolyte, both of which are considered one of the highest values recorded for MXene-based MSCs.



Furthermore, MXene electrodes have also been combined with other (pseudo)capacitive electrodes in an asymmetric configuration to deliver higher energy density [134,136]. An example was demonstrated by Couly et al. [136] (Figure 11b), combining Ti3C2Tx and rGO in a fabricated asymmetric MSC operated at a 1 V voltage window to deliver an energy density of 8.6 mWh cm−3 at a power density of 0.2 W cm−3, while retaining 97% of the initial capacitance after 10,000 cycles. Another study combined Ti3C2Tx and RuO2 to increase the cell voltage of symmetric MXene MSCs to about twice their operating voltage window (as shown in Figure 11c). The asymmetric MSCs operated at a voltage window of 1.5 V to deliver an energy density of 37 µW h cm−2 at a power density of 40 mW cm−2, with 86% capacitance retention after 20,000 charge–discharge cycles [136].



Zhu et al. [175] took advantage of the synergistic effect of 2D MXene and highly conductive rGO nanosheets to produce an interdigitated laser scribed graphene LSG-MXene (LrGO-MXene) composite electrode (thickness of ~4 μm coated with PVA-H3PO4 gel electrolyte) on polyethylene terephthalate (PET) substrate using the laser scribing technique. The device demonstrates outstanding areal capacitance of 2.58 mF cm−2 with cycling stability, maintaining > 97.7% of its initial value after 10,000 cycles, and at a power density of 6.2 μW cm−2, it attained a maximum energy density of 170.67 μWh cm−2.




3.2.4. Conducting Polymers


Conducting polymers are equally receiving attention, but a major drawback is their solution-based synthesis. However, 3D conducting polymers prepared through electrodeposition techniques have been reported for on-chip implementation. In addition, the pseudocapacitive properties of the conducting polymers have been explored with other (pseudo)capacitive materials in the form of composite electrodes for MSC applications [462]. Commonly explored conducting polymers for MSC applications include polyaniline (PANI) [463], poly(3,4-ethylene dioxythiophene) (PEDOT) [226], and polypyrrole (PPy) polypyrrole (PPy) [227].






4. Electrolytes


The importance of the electrolytes’ role in achieving high-performance MSCs cannot be overemphasized; they are the media that enable the transport of ions in between two electrodes [464]. The conduction of the ions determines the rate at which energy stored in the electrodes can be delivered [464]. Most electrolytes are solutions consisting of salts dissolved in solvents, either water (aqueous) or organic molecules (nonaqueous), and are in a liquid state in the service temperature range [464]. The electrolyte plays a crucial role in transferring charges and balancing charges between the two electrodes [47,465]. It has been reported that developing high-performance active electrode materials is extremely important for increasing the energy and power density of MSCs. Another important factor to consider in improving the specific energy and power, long cycling life, and safety of MSCs is the electrolyte, which determines the final operating voltage of the MSCs [47,465]. The electrode–electrolyte interaction is critically considered in all electrochemical processes, as it influences the electrode–electrolyte interface and the internal structure of active materials. The electrolytes can be classified into various categories, as shown in Figure 12. The details on the electrolyte conductivity, dissociation, and ion transport properties have been reported elsewhere [464,465]. Here, we will briefly mention the most frequently used electrolytes for MSC applications.



4.1. Aqueous Electrolytes (Alkaline, Neutral, and Acidic)


Aqueous electrolytes are known for their ease of handling and exhibit higher conductivity than organic and ionic electrolytes, which is beneficial for lowering the equivalent series resistance (ESR) and improving the power delivery of MSCs [276,465,469]. Aqueous electrolytes fall into three categories: acidic, neutral, and alkaline solutions. However, the narrow potential window, limited to around 1 V due to the water splitting at 1.23 V, is a major issue in achieving higher energy density. The commonly used aqueous electrolytes are [465] KOH, NaOH, LiOH, Na2SO4, H2SO4, (NH4)2SO4, K2SO4, Li2SO4, MgSO4, H3PO4,CaSO4, BaSO4, KCl, NaCl, LiCl, HCl, CsCl, CaCl2, KNO3, LiNO3, Na(CH3COO), Li(CH3-COO), Mg(CH3COO)2, Na2HPO4, NaHCO3, Na2B4O7, Li-SiW, NaSiW, and K-SiW.



The effects of various electrolyte cations (H+, Li+, Na+, K+) on the electrochemical performance of MSCs are extensively reviewed by Pal et al., Zhu et al., and Xu et al. [464,465,470]. It has been observed that the hydrated cationic radius influences conductivity and ionic mobility; the hydrated cationic radius is in the order H+-H2Oδ−< K+-H2Oδ− < Na+-H2Oδ− < Li+-H2Oδ−, as observed by Zhu et al. [470]. The smaller cationic radius gives rise to higher conductivity and ionic mobility, and helps in fast charge transfer, offering more ion adsorption at the electrolyte/electrode interface to further facilitate the fast Faraday reaction [465,470]. The specific capacitance is significantly influenced by cationic mobility, hydrated cationic radius, conductivity, charge/ion exchange, and diffusion [465]. It has also been observed that long-term cycling stability is greatly influenced by the type of cationic species present [470]. In addition, another key player in electrochemical performance is the electrolyte anions (OH−,     SO  4  2 −    , Cl−, and     NO  3 −   ). Higher conductivity and ionic mobility arise from a smaller ionic radius; an investigation by Wu et al. [471] shows that the hydrated ionic radius is in the order OH− < Cl− <     NO  3 −    <     SO  4  2 −    ; thus, higher conductivity and ionic mobility anions lead to better capacitive behavior.




4.2. Organic Electrolytes


Organic electrolytes typically consist of organic solvents and conducting salts dissolved in them; they are attractive due to the high voltage window (2.6 to 2.9 V). However, high resistivity is a significant disadvantage due to the large size of molecules, which require a large pore size in the electrodes. Much like aqueous electrolyte-based MSCs, the properties of solvents and salts, such as ion size, ion-solvent interaction, conductivity, and viscosity, significantly impact the performance of MSCs. A comprehensive review of the organic electrolytes, reaction mechanism, and effect of the ionic size of various organic electrolytes used in EDLC and pseudocapacitive devices has been reported elsewhere [465,472].




4.3. Ionic Liquids


Ionic liquids (ILs) are salts of organic cations and organic/inorganic anions with melting points below 100 °C, exhibiting unique structures and properties that make them attractive as alternative electrolytes [473,474]. The physical and chemical properties of the ILs can be tuned through various combinations of cations and anions, and the electrochemical performance of the (pseudo)capacitive electrodes can also be enhanced by tailoring the voltage window and working temperature range [473]. They have potential benefits, including non-flammability, high thermal and electrochemical stability, a high voltage window (>3 V), and low volatility compared to organic electrolytes [465,473]. Commonly used ILs in supercapacitors are based on ammonium, sulfonium, imidazolium, pyrrolidinium, and phosphonium cations and hexafluorophosphate (PF6), tetrafluoroborate (BF4), bis(trifluoromethane sulfonyl)imide (TFSI), bis(fluorosulfonyl)imide (FSI), and dicyanamide (DCA) anions [465,473,475,476,477,478]. More insight on the ILs for MSCs can be found in refs [465,473].




4.4. Solid-State Electrolytes


Solid-state electrolytes are usually based on polymer electrolytes and have attracted considerable attention in recent years due to the growing demand for on-chip energy storage microdevices, such as MSCs, which leverage their advantages over other electrolytes, such as high ionic conductivity, simple packaging, and leakage-free [465,479,480,481,482]. They are typically divided into three types: solid polymer electrolytes (SPEs), gel polymer electrolytes (GPEs) (also called quasi-solid-state electrolytes), and polyelectrolytes. Gel polymer electrolytes have the highest ionic conductivity among them owing to the presence of a liquid phase, making them the preferred choice for MSC applications [465]. On the other hand, the use of solid polymer electrolytes (SPEs) is limited since they have relatively poor ionic conductivity [482]. However, the high ionic conductivity of gel polymer electrolytes comes with a drawback—they may suffer from narrow operative temperatures due to the presence of water and relatively poor mechanical strength [465,483].



The gel polymer electrolyte is a combination of a polymer host (PEO, PEG, PVA, etc.) and aqueous electrolytes (KOH, H2SO4, K2SO4, etc.) or a conducting salt dissolved in a solvent [484]. In addition, various polymer hosts have been explored for preparing gel polymer electrolytes such as poly(acrylic acid) (PAA), poly(vinyl alcohol) (PVA), poly(ethyl oxide) (PEO), potassium polyacrylate (PAAK), poly(ether ether ketone) (PEEK), poly-(methylmethacrylate) (PMMA), poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP), and poly(acrylonitrile)-blockpoly(ethylene glycol)-block-poly(acrylonitrile) (PAN-b-PEG-b-PAN) [465,483]. Hydrogel polymer electrolyte is a gel polymer electrolyte due to the use of water as a plasticizer, involving the combination of aqueous electrolyte and poly host; on the other hand, polymers play host for ionic electrolytes in ionogel electrolytes, aiming to improve the thermal stability and the electrochemically stable potential window [465,484].




4.5. Redox-Active Electrolytes


Redox-active electrolytes are a new class of electrolytes developed to enhance the capacitance of pseudocapacitors through a redox mediator in the electrolyte [146,469,472]. Adding electroactive materials to conventional electrolytes aims to increase their electrochemical performance. More on the redox-active electrolytes can be found in references [146,465,468].





5. Conclusions and Perspectives


In recent years, the development of capacitive materials for on-chip power sources has witnessed significant progress, driven by the demand for miniaturized energy storage solutions with high performance and integration capabilities. This review explores various dielectric materials for electrostatic (micro-/nano-) capacitors, including emerging 2D dielectric and 3D nanostructured materials. It underlines the importance of dielectric materials in influencing the energy density and operational stability of electrostatic (micro-nano-) capacitors. Emerging dielectric materials exhibit unique electrical properties, such as high carrier mobility and tunable bandgaps, which hold promise for next-generation nanocapacitors with enhanced performance and functionality.



Further, various emerging electrode materials for electrochemical micro-supercapacitors (MSCs), including carbon-based materials, transition metal-based materials, and conducting polymers, were examined. Recent advancements in microfabrication processes, doping, and electrode configuration strategies have enhanced electrode materials’ performance, paving the way for improved on-chip MSCs. In addition, the preparation of various capacitive materials with a focus on compatibility with on-chip fabrication processes was also examined.



The future development of on-chip energy storage devices, particularly MSCs is poised to significantly impact various industries, notably in the realms of IoT and AI. As technology advances, they are expected to undergo rapid developments in several key areas to enhance their performance, integration capabilities, and application scope. Significant progress is expected in the areas of:




	-

	
2D materials like graphene, MXenes, and transition metal dichalcogenides (TMDs) have a high surface area, excellent electrical conductivity, and tunable properties, affording them the leverage to provide higher energy density and faster charge/discharge cycles.




	-

	
3D material developments using similar 3D templates to fabricate MBs, MSCs, and µ capacitors could be particularly valuable and cost-effective with a streamlined fabrication process, enhancing space efficiency and performance synergy. However, from a technological point of view, some issues may arise, including material compatibility, constraints due to the device’s configuration/topology, and fabrication challenges due to the specific requirements.




	-

	
Surface area enhancements/topology




	-

	
Solid-state electrolytes to offer enhanced safety, ionic conductivity, stability, a wider voltage window to improve energy density, and compatibility with on-chip integration.




	-

	
Cycle life improvements by enhancing the active material properties.




	-

	
Materials preparation techniques compatible with MEMS technology









There are several potential areas for future research and development in electrode materials for on-chip MSCs. One promising approach is exploring ion implantation strategies, which could lead to improved energy storage performance. These materials have unique properties that could be utilized to overcome current limitations and enable new functionalities in on-chip MSCs. Furthermore, it is essential to develop scalable and cost-effective preparation techniques for electrode materials to facilitate their large-scale production and commercialization. To address compatibility challenges and speed up the translation of research findings into practical applications, innovative approaches such as vacuum deposition techniques should be prioritized.



It is important to tailor the capacitive materials and device architectures to meet the specific requirements to unlock the full potential of the autonomous microelectronics deployed in emerging technologies like the Internet of Things (IoT) and artificial intelligence (AI). This requires continued interdisciplinary research efforts in areas such as materials science, electrochemistry, microfabrication, and device integration.
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Figure 1. Performance of energy storage microdevices. (a) Ragone plot relating energy and power density for the micro-energy storage devices. (b) Energy versus time constant of the various energy storage microdevices. 
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Figure 2. Microfabrication of functional materials for on-chip energy storage microdevices. (a) Thin film deposition techniques for electrode materials. (b) Microfabrication techniques for on-chip electronics energy storage systems. Laser scribing, photolithography, screen printing, inkjet printing, injection, and transferring printing. Reproduced with permission from [11]. © IOP Publishing Ltd. CC BY 3.0. 3D printing. Reproduced with permission from [60]. Copyright (2016), American Chemical Society. Focused ion beam (FIB) technology. Reproduced with permission from [61]. © MDPI. CC BY 4.0. 3D holographic lithography. Reproduced with permission from [12]. Copyright (2022), Elsevier. Mask-assisted filtering and plasma etching. Reproduced with permission from [17]. Copyright (2020), John Wiley & Sons. 
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Figure 3. Schematic diagram of a typical electrostatic (micro-) capacitor. 
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Figure 4. Band gap versus dielectric constant of dielectric materials. 
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Figure 5. MIM nanocapacitor. (a,b) SEM plan-view and cross-section of an AAO MIM structure. (c) The bottom of the tube, showing the AAO barrier layer and three layers corresponding to the TiN bottom electrode (BE), Al2O3 and the TiN top electrode (TE). (d) Two-inch wafer with nanocapacitors. Reproduced with permission from [67]. Copyright (2009), Springer Nature. 
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Figure 8. Metal oxide electrode materials for on-chip micro-supercapacitor applications. (a) Sputtered anhydrous RuO2 thin-film electrodes. CV measurement, and stability of the interdigitated MSC of 10,000 cycles. Reproduced with permission from [247]. Copyright (2017), John Wiley & Sons-Books. (b) All-solid-state interdigitated microdevice based on porous RuOxNySz. CV plots in doped PVA and doped [EMIM] [TFSI] at different scan rates, and cell capacitance retention with the number of charge/discharge curves at 10 mA cm−2 (inset: 1st and 5000th potential–time curve during GCD). Reproduced with permission from [257]. Copyright © 2024, American Chemical Society. (c) 3D interdigitated MSCs based on electrodeposited MnO2. Top view SEM images of the 3D MSC, CV of a 3D MSC in parallel plate configuration measured in 5 M LiNO3 vs. the sweep rate, evolution of the surface capacitance, capacitance retention, and real energy density of the MSC, respectively. Reproduced with permission from [250]. Copyright (2021), Elsevier. (d) Interdigitated MSCs operating in physiological electrolytes based on sputtered iridium oxide films (SIROFs). SEM images of SIROF in cross-sectional view, CV measurements, and cycle stability of SIORF MSC over 100,000 CV cycles at 200 mV s−1. Reproduced with permission from [245]. Copyright (2022), IOP Publishing. 
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Figure 9. Multicationic oxide electrode materials for on-chip MSC applications. (a) Sputtered mixed Fe-W oxide thin film. SEM cross-section images, CV plots of the sputtered FeWO4 films at different sweep rates in neutral aqueous electrolyte (5 M LiNO3), and stability of the electrode over 10,000 cycles, respectively. Reproduced with permission from [129]. Copyright (2021), IOP Publishing. (b) Sputtered mixed Mn-Fe oxide thin film. SEM cross-section images of the sputtered films at different post-deposition heat treatments, CV plots of the sputtered (Mn,Fe)3O4 films at 10 mV s−1 in neutral aqueous electrolyte (1 M NaSO4), stability of the electrode over 10,000 cycles, respectively. Reproduced with permission from [239]. Copyright (2022), IOP Publishing. 
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Figure 11. MXene electrode for on-chip micro-supercapacitor applications. (a) Wafer scale fabrication of the MXene. Digital photograph showing the wafer scale fabrication of the MXene MSCs, cross-sectional SEM images showing uniform coating of Ti3C2Tx on gold, CV plots of Ti3C2Tx – -0.3 µm MSCs using PVA/H3PO4 gel electrolyte, and C′ and C″ versus frequency, respectively. Reproduced with permission from [450]. Copyright (2019), John Wiley & Sons-Books. (b) MXene-rGO asymmetric MSC. Digital photograph of a top-view of the asymmetric MSC device, indicating Ti3C2Tx and rGO interdigitated electrode configurations; CVs of the MSC and the individual electrodes recorded at 2 mV s−1 in a 3-electrode configuration; comparison between asymmetric interdigitated MSC and all-MXene symmetric interdigitated MSC at 2 mV s−1; Ragone plot of the asymmetric interdigitated MSC, respectively. Reproduced with permission from [136]. Copyright (2017), John Wiley & Sons. (c) MXene-RuO2 asymmetric MSC. Field emission scanning electron microscopy (FSEM) images of Ti3C2Tx on carbon fibers (CF) and RuO2/CF; CVs of RuO2/CF, Ti3C2Tx/CF, and the asymmetric device at a scan rate of 50 mV s−1, normalized real (C′) and imaginary (C″) parts of capacitance versus frequency of the device; and cycling stability and Coulombic efficiency of the asymmetric device over 20,000 cycles in 1 m H2SO4 electrolyte at a current density of 20 A g−1 (inset: the typical charge–discharge profiles for the first and last charge–discharge cycles). Reproduced with permission from [135]. Copyright (2018), John Wiley & Sons. 
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Figure 12. Electrolyte classification for MSC applications [465,466,467,468]. 
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