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Abstract 

Coplanar energy storage devices with interdigitated electrodes have attracted a 

significant amount of attention as micropower units for portable and flexible 

electronics, and self-powered systems. Herein, we propose a simple, cost-effective, 

and scalable two-step screen-printing process to fabricate flexible coplanar 

asymmetric microscale hybrid device (MHD) with a higher energy density compared 

to carbon-based microsupercapacitors. 2D titanium carbide MXene (Ti3C2Tx) with a 

large inlayer spacing is selected as negative electrode, and Co-Al layered double 

hydroxide (LDH) nanosheets are selected as positive electrode. The assembled 

coplanar, all-solid-state, asymmetric MHD possesses a higher energy density (8.84 

μWh cm
-2

) compared to the MXene-based, coplanar, symmetric microsupercapacitors 

(3.38 μWh cm
-2

), and exhibit excellent flexibility and reliability, as well as cycling 

stability (92% retention of the initial capacitance after 10,000 cycles). Moreover, we 

integrate the coplanar asymmetric MHDs with the force sensing resistors as portable 

power source units to fabricate lightweight and inexpensive integrated force sensors, 

which can be used to detect applied pressure variation. The two-step screen-printing 

method can also be extended to other MXenes and various positive electrode 

materials for fabrication of coplanar asymmetric MHDs on flexible substrates. 

Therefore, we believe that the two-step screen-printing method opens up new avenues 

toward developing flexible coplanar asymmetric MHDs, thus promoting the 

application of MHDs based on MXenes for flexible integrated electronic devices. 
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1. Introduction 

With the rapid development of miniaturized portable, flexible, and stretchable 

electronic devices, especially integrated self-powered smart devices that can enable 

the “internet of things”, micro-/nanoscale energy storage units have become 

increasingly important [1-3]. Tremendous efforts have been made to develop thin film 

microbatteries and microsupercapacitors [4-7]. However, when integrated with the 

functional sensing/detecting or other functional components as a power source, the 

energy storage units usually need charge or discharge at variable “non-constant” 

currents, depending on the response to the external force, temperature, illumination, 

etc. Compared to microbatteries, which suffer from low power density and short 

cyclic lifetime, a supercapacitor with high power density and long cyclic lifetime is a 

better choice for applications in integrated multifunctional systems. In this scenario, 

coplanar microsupercapacitors with predesigned electrode architecture can be 

integrated on the same substrate as other electronic components, such as sensors or 

rectifiers [8]. 

Conventional microfabrication techniques have been widely employed in 

fabricating electrical double layer type microsupercapacitors [7-13] using various 

carbonaceous materials (activated carbon [14], carbide derived carbon [15], 

onion-like carbon [16], and graphene [17]), which usually present low energy density 

due to the electrostatic ion adsorption mechanism. Furthermore, pseudocapacitive 

materials such as transition metal oxides [18], hydroxides [19], layered double 

hydroxides [20], and conducting polymers [12], in which charge storage is due to the 

fast near-surface redox reactions, were used in enhancing the energy density of 

on-chip electrochemical devices. However, pseudocapacitors usually suffer from short 

cyclic lifetime due to the poor nanostructure stability of the pseudocapacitive 

materials. Recently, MXenes, a new family of two-dimensional layered transition 

metal carbides or nitrides, have shown great promise as potential electrode materials 

for electrochemical energy storage devices [21-24]. Various ions can rapidly 

intercalate between MXene atomic layers (intercalation pseudocapacitance), resulting 

in high capacity, even at high discharge rates [25, 26]. Ti3C2Tx is the most studied 
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member within the family of MXenes due to its great conductivity (up to 6500 S cm
-1

), 

surface hydrophilicity, and excellent ion intercalation behavior [27]. Kurra et al. 

reported a direct laser machining process to fabricate MXene on-paper coplanar 

microsupercapacitors [10]. Peng et al. fabricated all-MXene (Ti3C2Tx) solid-state 

interdigital microsupercapacitors by employing a solution spray-coating method, 

followed by a photoresist-free direct laser cutting method [11]. Typical areal 

capacitance of 25 mF cm
-2

 for the MXene based microsupercapacitors is superior to 

the areal capacitance of various carbon-based microsupercapacitors reported in the 

literatures (0.1-10 mF cm
-2

) [14-17]. However, the energy density of the 

MXene-based symmetric devices is restricted by the narrow working potential 

window, which also limits their practical applications when integrated with other 

functional electronic units. Energy density enhancement can also be achieved by 

fabricating asymmetric or hybrid devices, improving the working potential window, 

and incorporating a battery-like electrode material capable of storing large charge due 

to electron transfer within the anodic potential window complementing that of MXene 

[28-30]. Therefore, an optimized positive material with faradaic pseudocapacitance 

behavior is required to assemble an asymmetric hybrid device with MXene as 

negative electrode. In the last few decades, metallic layered double hydroxides (LDHs) 

with the general chemical formula [M
2+

1-xM
3+

x(OH)2]
x+

[A
n-

]x/n∙mH2O, where M
2+

 and 

M
3+

 are divalent and trivalent metal cations and A
n-

 are the charge-balancing anions, 

have been proven to be a promising class of electrode materials for energy storage 

because of their relatively low cost and high redox activity [31, 32]. Co-Al LDH, 

among many LDHs, is a promising candidate for positive electrodes due to its high 

charge storage capacity. Gao et al. demonstrated that Co-Al LDH with high specific 

capacitance could be combined with graphene to assemble asymmetric 

supercapacitors [33]. However, the cycling stability of LDHs is usually poor because 

of the re-stacking of 2D nanosheets. Fabrication of LDHs with three-dimensional (3D) 

hierarchical structure may to impede the re-stacking of 2D nanosheets [34]. Moreover, 

the reported fabrication methods of asymmetric MHDs are usually costly and time 

consuming, therefore the development of a simple, scalable, and cost-effective 
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method is important. Typically, screen-printing method, being one of the most 

important and powerful industrial techniques is inexpensive, rapid, and facilitates 

mass production [35, 36]. Furthermore, screen printing allows for control over the 

deposition area and the ink can be printed on a wide variety of substrates, including 

paper, fabrics, and plastics. 

Herein, we assembled coplanar asymmetric MHDs with Ti3C2Tx and Co-Al-LDH 

electrodes by modified two-step screen-printing process. Clay-like Ti3C2Tx with 

intercalated Li
+
 ions as a result of LiF-HCl etching possesses high electrochemical 

performance due to larger interlayer spacing and was selected to serve as the negative 

electrode [27]. The Co-Al-LDH nanosheets with 3D hierarchical structure were 

synthesized by soft-template method and used as the positive electrode. Ti3C2Tx and 

Co-Al-LDH nanosheets were screen-printed on paper and polyethylene terephthalate 

(PET) substrates to fabricate coplanar asymmetric MHDs with interdigitated electrode 

architecture. The areal capacitance reached ~40.0 mF cm
-2

 (at 0.75 mA cm
-2

) and 

~28.5 mF cm
-2

 (at 0.75 mA cm
-2

) for the fabricated asymmetric MHDs in 6 M KOH 

and PVA-KOH gel electrolyte, respectively. The assembled flexible, all-solid-state 

asymmetric MHDs are found to have superior areal energy and power densities (the 

energy density of 8.84 μWh cm
-2

 at a power density of 0.23 mW cm
-2

) compared to 

reported state-of-the art MXene-based MHDs. In addition, the coplanar asymmetric 

MHDs were integrated with the force sensing resistors as portable power source units 

to fabricate lightweight and inexpensive integrated force sensors, which were used to 

detect applied pressure variation. Notably, the two-step screen-printing method can 

also be extended to other MXenes and various positive electrode materials for 

fabrication of coplanar asymmetric MHDs, which promotes the development of 

MXene-based MHDs and their integration with other portable multifunctional 

electronic systems. 

2. Experimental section 

2.1. Synthesis of Co-Al-LDH nanosheets 

In a typical procedure, 2.4 mmol Co(NO3)2∙6H2O and 0.8 mmol Al(NO3)3∙9H2O 

were dissolved in 80 mL mixed deionized water/butyl alcohol solvent (volume ratio = 
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1:1) and stirred for 30 minutes. Then, 0.384 g of urea and 15 mg of citric acid 

trisodium salt dehydrate were added and further stirred for another 30 min. Next, the 

mixtures were sealed in a 100-mL Teflon-lined steel autoclave and hydrothermally 

treated at 120 ˚C for 12 h. After being cooled to room temperature, the samples were 

filtered and washed with deionized water and ethanol several times and then 

freeze-dried for 24 h to obtain Co-Al-LDH with 3D hierarchical structure built of thin 

LDH nanosheets. 

2.2. Synthesis of Ti3C2Tx 

Commercially available TiH2, Al, and TiC powders were used without any further 

purification to synthesize the MAX phase layered ternary carbide, Ti3AlC2. TiH2, Al, 

and TiC were mixed in 1: 1.2: 2 molar ratio, ball milled for 24 h followed by sintering 

in a tube oven at 1450 ˚C in a corundum crucible and kept at that temperature for 2 h 

in a flowing Ar atmosphere. The resulting loosely held compact powder was crushed 

and sieved through a 400 mesh to obtain Ti3AlC2 powder with particle size of < 38 

μm. Ti3C2Tx was prepared by following the procedure reported elsewhere [27]. 3 g of 

LiF was added into 60 mL of 12 M HCl, and the solution was stirred for 10 min for 

homogeneous mixing. Then, 2 g of Ti3AlC2 MAX powder was immersed into the 

solution and kept at 40 °C for 45 h under constant stirring. The resulting suspension 

was washed several times with deionized water and centrifuged to separate the 

supernatant. The Ti3C2Tx prepared by this method contained intercalated Li
+
 ions and 

was referred to as Ti3C2Tx in this study. 

2.3. Screen-printing of MHDs 

Commercially available A4 printing paper and polyethylene terephthalate (PET) 

film were used as flexible substrates to screen-print MHDs. An Au layer of ≈200 nm 

thickness was deposited on the substrates by magnetron sputtering and then carved to 

form predesigned current collector patterns with the help of direct laser machining. 

Homogenous active material inks were prepared by mixing the active material with 

acetylene black and polyvinylidene fluoride (PVDF) in N-methyl-2-pyrrolidone 

(NMP) solvent. Subsequently, a modified two-step screen-printing process was 

applied to fabricate asymmetric MHDs. During the printing of negative electrodes, the 
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screen was placed a few millimeters above the surface of the substrate. After loading 

the MXene ink on the screen, a rubber squeegee was swept across the surface of the 

screen, bringing the ink into close contact with the substrate. At the same time, the ink 

flowed from the screen to the surface of the substrate. The screen was then separated 

from the substrate, leaving behind ink that dried to yield an electrode with mass 

loading of ~1 mg cm
-2

. The positive electrodes were then screen-printed by a similar 

procedure. Finally, flexible asymmetric MHDs with interdigitated electrode 

architecture were fabricated on PET and paper. For comparison, symmetric 

MXene-based microsupercapacitors were also prepared by one-step screen-printing 

process. 

2.4. Preparation of gel electrolyte 

The PVA-KOH gel electrolyte was prepared as follows: Approximately 3 g of 

PVA was weighed and transferred into 30 mL of deionized water. The mixture was 

heated at 90 ˚C with constant stirring until a transparent solution of PVA was obtained. 

The solution was then cooled to room temperature. Approximately, 3 g KOH was 

dissolved in 10 mL H2O and was added to the PVA solution and stirred gently to 

obtain homogeneous PVA-KOH gel electrolyte. 

2.5. Assembly of all-solid-state MHDs devices 

PVA-KOH gel electrolyte was carefully drop casted onto the coplanar 

asymmetric MHDs, then the devices were slowly dried at room temperature to form 

solid films. Similarly, symmetric MXene-based microsupercapacitors were covered 

with PVA-KOH gel electrolyte. 

2.6. Assembly of the integrated force sensor 

The force sensor (FSR 400 short tail model, Interlink Electronics, Inc.) was 

connected in series with the coplanar asymmetric MHD using conductive silver paint 

to fabricate the integrated force sensor. The force sensor is a polymer thick film 

device which exhibits a decrease in resistance with an increase in the force applied to 

its surface. 

2.7. Material characterization 

The Ti3C2Tx powders and Co-AL-LDHs nanosheets were characterized using a 
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powder X-ray diffractometer (XRD, Bruker, D8 ADVANCE) with Cu Kα radiation (λ 

= 0.15406 nm). The morphology of the materials was characterized using a 

MEGALLAN 400 scanning electron microscope (SEM) and a transmission electron 

microscope (TEM) (JEOL JEM-2100, Japan), with an accelerating voltage of 200 kV. 

The TEM samples were prepared by placing several drops of the sample dispersion in 

alcohol onto a copper grid and air drying. X-ray photoelectron spectroscopy (XPS) 

was used to characterize the synthesized Co-Al-LDHs. The atomic composition of 

Co-Al-LDHs nanosheets was analyzed using energy dispersive spectroscopy (EDS). 

2.8. Electrochemical measurement 

The electrochemical tests (cyclic voltammetry (CV), galvanostatic 

charge-discharge (GCD), electrochemical impedance spectroscopy (EIS)) were 

carried out at room temperature using an electrochemical working station 

(IVIUMSTAT A11719). Cyclic performance measurements were carried out using a 

battery test system (LAND CT2001A model, Wuhan Jinnuo Electronics. Ltd., China). 

The EIS was measured in the frequency range from 100 kHz to 10 mHz at open 

circuit potential by applying a small sinusoidal potential of 10 mV signal. For 

three-electrode measurement, Ti3C2Tx and Co-Al-LDHs were employed as working 

electrode, platinum foil as the counter electrodes, and saturated calomel electrode 

(SCE) as reference electrodes. The working electrodes were prepared as follows: The 

active materials were mixed with acetylene black and PVDF in a weight ratio of 8:1:1 

in NMP solvent to form homogenous slurry. Then the slurry was pressed on Ni foam 

with mass loading of ≈2 mg cm
-2

 and dried at 60 ˚C under vacuum. The 

electrochemical performance of the assembled MHDs was investigated in 

two-electrode configuration. The fabricated MHDs were connected to copper tape 

using silver paste. The fabricated asymmetric MHDs devices were tested in 6 M KOH 

and PVA-KOH gel electrolyte, and the symmetric MXene-based microsupercapacitors 

devices were tested with PVA-KOH gel electrolyte. The calculation methods for areal 

capacitance, energy density, and power can be found in supporting information. The 

current signal of the integrated force sensor was measured using CHI760E 

electrochemical workstation, where the amperometric i-t curve technique was selected. 
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Four weights (20 g, 50 g, 100 g and 200 g) were used to apply different forces (0.2 N, 

0.5 N, 1 N and 2 N) to the surface of the force sensor. The heart rate was measured by 

touching the surface of the force sensor, which could detect the weak pulsation of 

blood in a finger. 

3. Results and discussion 

The process for the fabrication of the coplanar MHDs are shown in Fig. 1. An Au 

layer of ≈200 nm thickness was deposited on the flexible substrates by magnetron 

sputtering and then carved to form predesigned patterns with the help of direct laser 

machining, which was employed as current collector (Fig. 1a, 1d). To fabricate 

asymmetric MHDs, positive electrode (Co-Al-LDH nanosheets) was first 

screen-printed on the substrates (Fig. 1b). After air drying, the negative electrode 

(MXene) was screen-printed to form a coplanar asymmetric MHD with predesigned 

electrode architecture (Fig.1c). Similarly, symmetric MXene-based 

microsupercapacitors were also fabricated by one-step screen-printing process (Fig. 

1e). In this work, the MHDs with interdigitated electrode architecture were produced 

and electrochemically characterized. The schematic diagram of the employed 

screen-printing plates is shown in Fig. S1. Fig. S2a shows that the width of a finger 

electrode is around 1 mm (spacing between the fingers is also 1 mm). A 

low-magnification SEM image presented in Fig. S2b shows that the electrode material 

(MXene with mass loading of ≈1 mg cm
-2

 in this case) effectively adheres to the 

surface of paper due to intrinsically rough and porous morphology of the latter. As 

shown in Fig. 1f, MHDs on both paper and PET substrates, possess good flexibility. 

Compared to the conventional microfabrication techniques [7, 8, 13, 17, 37], the 

modified two-step screen-printing method is simple, cost-effective, and scalable. 

Furthermore, screen-printing allows for good control over the deposition area, and the 

ink can be printed on a wide variety of substrates, including paper, fabrics, and 

plastics. 
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Fig. 1. Schematic illustration of the screen-printing process of the flexible MHDs on 

flexible substrate (PET and commercial printing paper). (a, d) Sputtering gold with 

predesigned pattern on the substrate. (b, c) Fabrication of asymmetric MHDs by 

modified two-step screen-printing process. (e) Screen-printed symmetric 

microsupercapacitors based on MXene. (f) Digital photographs of the fabricated 

coplanar MHDs on commercial printing paper (left) and PET (right). 

LiF dissolved in HCl was used as etching solution to synthesize Ti3C2Tx. During 

the etching of Al layers, the Li
+
 ions from LiF intercalate between oxygen-containing 

functional groups (-O, -OH and -F) of terminated MXene layers, resulting in tightly 

stacked flakes (Fig. S3b) with clay-like rheological behavior [27, 38]. Fig. 2a shows 

the schematic of the Ti3C2Tx structure. The XRD patterns of Ti3AlC2 and Ti3C2Tx are 

presented in Fig. 2b. It can be observed that after etching of Al layers using LiF/HCl, 

the most intense peak at 2θ = 39.3˚ disappears, indicating that Al layers were 

completely etched away. In addition, the (0002) peaks for Ti3C2Tx became broadened 
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and shifted to the lower angle as compared to that of Ti3AlC2 MAX phase, which is 

attributed to the loss of correlation between the layers and increases in c-lattice 

parameter due to the intercalation of Li
+
 ions and water molecules [27]. The large 

d-spacing can promote the intercalation and transport of electrolyte ions. Furthermore, 

from the TEM image (Fig. 2c) it can be observed that the Ti3C2Tx nanosheets are flat 

and unbroken. The selected area electron diffraction (SAED, inset in Fig. 2c) exhibits 

a typical six-fold symmetric diffraction pattern, indicating the high crystallinity of 

Ti3C2Tx. Co-Al-LDH with 3D hierarchical structure were synthesized by 

soft-templating method and used as positive electrode for fabricating MHDs. The 

SEM image in Fig. S4a presented the 3D hierarchical structure built of thin LDH 

nanosheets. This morphology was further confirmed by TEM (Fig. 2f). The selected 

area electron diffraction (SAED, inset in Fig. 2f) indicates the high crystallinity of 

Co-Al-LDH. The schematic of the Co-Al-LDH structure is shown in Fig. 2d. When 

Co-Al-LDH is synthesized using mixed water/butyl alcohol solvent, the formation of 

a 3D structure built of thin LDH nanosheets can be explained as follows: during the 

reactions, the selective adsorption of butyl alcohol molecules on the (001) planes of 

Co-Al-LDH minimizes the surface energy to form and stabilize thin LDH nanosheets 

[39]. Furthermore, the interactions of butyl alcohol adsorbed on the surface of the 

LDH nanosheets can also promote the formation of 3D hierarchical structure by the 

self-assembly of thin LDH nanosheets, following co-precipitation, dissolution and 

recrystallization processes. The 3D hierarchical structure built up of LDH nanosheets 

could facilitate the diffusion of electrolyte into the electrodes and improve the 

electrochemically active area [34]. Co-Al-LDH was then combined with another 2D 

material capable of large energy storage (MXene) for fabricating MHDs with 

enhanced electrochemical performance. The XRD pattern was carried out to reveal 

the phase composition and crystallinity of the Co-Al-LDHs (Fig. 2e). From the 

diffraction peaks location, it can be confirmed that Co-Al-LDHs have a rhombohedral 

structure and evident crystallinity [31]. The stable atomically thin LDH nanosheets 

and their crystalline character will benefit the cyclic performance of Co-Al-LDHs 

electrodes. The EDS spectra and XPS spectra of Co-Al-LDH were recorded to 
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investigate the atomic composition and chemical states of elements, as described in 

Supporting Information (Fig. S4b, Fig. S5). 

 

Fig. 2. (a) Schematic of the Ti3C2Tx structure. (b) XRD patterns for clay-like Ti3C2Tx 

in comparison to the bulk MAX phase, Ti3AlC2. (c) TEM image of Ti3C2Tx 

nanosheets, the inset is the corresponding SAED pattern. (d) Schematic of the 

Co-Al-LDH structure. (e) XRD patterns for Co-Al-LDH. (f) TEM image of 

Co-Al-LDH nanosheets, the inset is the corresponding SAED pattern 

When fabricating asymmetric MHDs, the mass loading of negative and 

positive electrodes should be balanced according to the charge balance between 

the two electrodes [40-42]. Therefore, the electrochemical performances of 

Ti3C2Tx and Co-Al-LDH nanosheets were measured in three-electrode 

configuration prior to fabricating MHDs. As shown in Fig. 3a, the CV curves of 

Ti3C2Tx at different scan rates present quasi-rectangular profiles, even at high 

scan rate of 100 mV s
-1

. This is attributed to the intercalation of Li
+
 and H2O 

molecules between Ti3C2Tx layers results in larger layer spacing, promoting the 

diffusion and intercalation of electrolyte ions. As shown in Fig. 3b, the GCD 

curves of Ti3C2Tx are linear and symmetric with a small IR drop, indicating its 

typical capacitive behavior, which is in agreement with the results of CV 

curves. The specific capacitance of Ti3C2Tx calculated from the galvanostatic 

discharge curves reached 52 F g
-1

 at current density of 1 A g
-1

 in 6 M KOH. To 
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further understand the ion-transport behavior and electrical resistance of 

Ti3C2Tx, EIS was carried out in 6 M KOH. It can be observed that the Nyquist 

plots (Fig. 3c) exhibit typical capacitive-type impedance in a quite wide 

frequency region, representing the highly reversible cations insertion into the 

electrodes. 

As shown in Fig. 3d, the CV curves of Co-Al-LDHs at different scan rates 

show broad oxidation/reduction peaks, but the peak separation is moderate, 

indicating that Co-Al-LDHs possess redox behavior that is close to 

pseudocapacitive behavior. Furthermore, it can be observed that at both poles 

of the potential window, the polarity of responsive current can immediately 

change to the contrary, indicating that the diffusion limitations in the electrode 

are moderate. The GCD curves at different current densities (Fig. 3e) show 

symmetric triangle profile, further demonstrating the enhanced capacitive 

performance. At current density of 6 A g
-1

, the gravimetric capacitance of 

Co-Al-LDHs electrode is 766 F g
-1

, and even at 50 A g
-1

, the value remains 701 

F g
-1

 (91.5% of the initial value at 6 A g
-1

). The Nyquist plots (Fig. 3f) showed 

linearity with high slope value in the low frequency region, indicating the 

typically capacitive-type impedance of Co-Al-LDHs. The small semi-circle in 

the high-frequency region (inset in Fig. 3f) indicates that the prepared 

Co-Al-LDHs electrodes exhibit a low charge transfer resistance, which is 

attributed to the 3D hierarchical structure built up of thin LDH nanosheets. 
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Fig. 3. Electrochemical performance of Ti3C2Tx and Co-Al-LDH nanosheets in 

three-electrode configuration. (a, b) CVs at different scan rates and GCDs at 

different current densities for Ti3C2Tx in 6 M KOH, respectively. (c) The EIS 

spectra of Ti3C2Tx in 6 M KOH. (d, e) CVs at different scan rates and GCDs at 

different current densities for Co-Al-LDH in 6 M KOH, respectively. (f) The 

EIS spectra of Co-Al-LDH in 6 M KOH. 

Asymmetric MHDs were fabricated by modified two-step screen-printing 

process and denoted as Ti3C2Tx//Co-Al-LDHs. The interdigitated electrodes of 

the MHDs result in efficient charge transfer and mass transfer between the 

electrodes: (1) the sputtered Au layer can serve as good current collector for the 

transport of electrons, (2) the ions in electrolyte can efficiently transport due to 

the interdigitated electrode architecture and short paths between the finger 

electrodes. From the CV curves (in 6 M KOH) of the asymmetric MHD 

operated in different voltage windows at a scan rate of 30 mV s
-1

 (Fig. 4a), it 

can be seen that the potential window of the asymmetric MHDs devices can be 

extended to 1.45 V without obvious oxygen evolution (no sudden rise in the 

current at higher potentials). Fig. 4b shows the CV curves of MHDs in 6 M 

KOH at different scan rates from 10 mV s
-1

 to 100 mV
-1

 between 0.4 and 1.45 
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V. The type of the electrochemical behavior of MHDs can be qualified as 

pseudocapacitive due to the fast quasi-rectangular response even at a high scan 

rate of 100 mV s
-1

. The quasi-rectangular profiles of CVs indicated that the 

charges stored in the positive and negative electrodes were well balanced [43]. 

To further demonstrate that the two electrodes are balanced, the asymmetric 

MHD was tested in three electrode system, and the potentials of the positive 

and negative electrodes of the asymmetric MHD versus reference electrode 

were recorded. As shown in Fig. 4c and d, the potential-current curves of two 

electrodes of the asymmetric MHD all present quasi-rectangular profiles, 

proving that there is a great balance between positive and negative electrodes. 

In addition, the ranges of voltage variations of MXene and Co-Al-LDH were 

consistent with their potential windows used in the three-electrode system 

(results in Fig. 3), indicating that the asymmetric MHD can be stably 

charged-discharged between 0.4 V and 1.45 V. Furthermore, from the 

corresponding potentials for the positive and negative electrodes in Fig. 4e, it 

can be observed that the voltages of the asymmetric MHD were 0.4 and 1.45 V 

at end of discharge and charge, respectively, which is consistent with the result 

of the GCD curve of the asymmetric MHD (black curve in Fig. 4e). All the 

aforementioned results demonstrated that two electrodes of the asymmetric 

MHD were exactly balanced. The capacitive behavior of Ti3C2Tx//Co-Al-LDHs 

in 6 M KOH can be further confirmed from the quasi-linear profiles of the 

GCD curves shown in Fig. S6. From the galvanostatic discharge curves, the 

areal capacitance of the asymmetric MHD calculated, based on the total area of 

both electrodes, reached 40.0 mF cm
-2

 at a current density of 0.75 mA cm
-2

. 

Even at a higher current density of 2.5 mA cm
-2

, the areal capacitance still 

remained 31.2 mF cm
-2

. To further develop the device fabrication, integration 

of series and parallel connections was investigated with the asymmetric MHDs. 

As shown in Fig. 4f, the series-connected devices gave lower areal capacitance 

values, but a higher voltage of 2.9 V. However, parallel configuration increased 
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the areal capacitance in the same voltage window, showing how in-series and 

parallel designs are beneficial for practical applications. 

 

Fig. 4. (a) CV curves of the asymmetric MHDs in 6 M KOH electrolyte at 

different voltage windows at 30 mV s
-1

. (b) CV curves of asymmetric MHDs at 

different scan rates in 6 M KOH. (c, d) The corresponding CV curves of 

negative (Ti3C2Tx) and positive (Co-Al-LDH) electrodes of an asymmetric 

MHD tested at 50 mV s
-1

. (e) The GCD curves of an asymmetric MHD (left 

Y-axis) and corresponding potentials for the positive and negative electrodes 

(right Y-axis) at 1.25 mA cm
-2

. (f) Comparison of CV curves (in 6 M KOH) for 

a single asymmetric MHD and two MHDs connected in series and parallel 

configurations at 30 mV s
-1

. 

With the aim of developing flexible and lightweight power source units for 

integrated portable electronics, all-solid-state asymmetric MHDs are one 

promising candidate with regard to safety and practical application. Therefore, 

we also assembled all-solid-state asymmetric MHDs with PVA-KOH gel 

electrolyte. As shown in Fig. 5a, d, the electrochemical performance of the 

all-solid-state asymmetric MHDs is clearly inferior that in 6 M KOH, which 

can be attributed to the limited ion penetration of the porous electrodes [29]. 
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However, from the galvanostatic discharge curves (Fig. 5b), the areal 

capacitance of the all-solid-state asymmetric MHDs were calculated to be 28.5 

mF cm
-2

 at a current density of 0.75 mA cm
-2

. Furthermore, the all-solid-state 

asymmetric MHDs were placed in flat and different bending angles to evaluate 

their electrochemical performance by CV measurements at 50 mV s
-1

 (Fig. 5c). 

It can be observed that the device showed perfectly overlapped CV curves and 

negligible capacitance degradation at different bending angles, indicating the 

excellent mechanical stability and flexibility of the devices. To further 

demonstrate the advantage of the asymmetric MHDs, all-solid-state symmetric 

microsupercapacitors (Ti3C2Tx//Ti3C2Tx) with PVA-KOH gel electrolyte were 

also assembled for comparison. The CV curves (Fig. S7a) show a 

quasi-rectangular shape due to the intercalation pseudocapacitance of Ti3C2Tx. 

The areal capacitance of the symmetric microsupercapacitors calculated from 

the galvanostatic discharge curves shown in Fig. S7b reached 25.0 mF cm
-2

 at 

0.75 mA cm
-2

. Comparing the CV curves (Fig. 5d) of the asymmetric MHDs 

and symmetric microsupercapacitors, it can be observed that the asymmetric 

MHDs possess a wider operation potential window compared to the symmetric 

devices. High potential window range of the asymmetric MHDs makes it 

possible to provide high energy density, which is a very important parameter 

for the practical application of the energy storage devices. As the long-term 

stability is an important requirement for MHDs application, the cycling 

performance of all-solid-state asymmetric MHDs presented in Fig. 5e was 

evaluated at a current density of 1.25 mA cm
-2

. 92 % of the initial capacitance 

remained after 10,000 cycles, demonstrating the remarkable reversibility and 

stability of the as-assembled all-solid-state asymmetric MHDs. Moreover, the 

electrochemical performance of asymmetric MHDs fabricated by 

screen-printing method was compared with other state-of-the-art MXene-based 

microsupercapacitors, as shown in the Ragone plot in Fig. 5f. The energy 

densities of both asymmetric (10.80 and 8.84 μWh cm
-2

 for asymmetric MHDs 

in 6M KOH and with PVA-KOH, respectively) and symmetric MXene-based 
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microsupercapacitors (1.25 μWh cm
-2

) in this work are higher than that of the 

laser patterned MXene-based microsupercapacitors on paper (0.71 μWh cm
-2

) 

[10], all-MXene microsupercapacitors on chip (0.67 μWh cm
-2

) [11], and 

asymmetric flexible MXene//rGO microsupercapacitor [44] (see Table S1 and 

S2 for the data and standard deviation results in Supporting Information). The 

effective electrochemical performance demonstrates that fabricating 

asymmetric MHDs by modified two-step screen-printing method can be a 

simple, scalable, and efficient approach to improve the energy density. 

 

Fig. 5. (a) CV curves of the all-solid-state asymmetric MHDs with PVA-KOH 

gel electrolyte at different scan rates. (b) GCD curves of the all-solid-state 

asymmetric MHDs at different current densities. (c) CV curves of the 

all-solid-state asymmetric MHD at 30 mV s
-1

 collected at different bending 

angles. (d) Comparison of CV curves for the symmetric microsupercapacitors 

(Ti3C2Tx//Ti3C2Tx) with PVA-KOH gel electrolyte, asymmetric MHDs with 

PVA-KOH gel electrolyte and asymmetric MHDs in 6 M KOH electrolyte at a 

scan rate of 30 mV s
-1

. (e) The cyclic performance of the all-solid-state 

coplanar asymmetric MHDs with PVA-KOH gel electrolyte. The inset is the 

last five charge-discharge cycles at 1.25 mA cm
-2

. (f) Ragone plots of the 
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fabricated asymmetric coplanar devices and other state-of-the-art MXene-based 

coplanar microsupercapacitors from the literature. 

Although many coplanar MHDs have been reported previously, their 

practical application in portable electronic devices is still a challenge and 

seldom demonstrated. Broad potential window and high energy density allow 

the screen-printed asymmetric MHDs to serve as suitable power source units 

for portable integrated electronic devices. With the aim of developing the 

practical application of the asymmetric MHDs, we integrated the force sensor 

(force sensing resistors) into the coplanar asymmetric MHD circuit to fabricate 

integrated devices. The force sensor is a polymer thick film device which 

exhibits a decrease in resistance with an increase in the force applied to the 

active surface. The force versus resistance characteristic shown in Fig. S8 

provides an overview of the force sensor typical response behavior. As shown 

in Fig. 6a, the force sensor was connected in series with an all-solid-state 

asymmetric MHD. Electrochemical workstations were used to charge up the 

MHD and collect the response current to the force applied to the active surface. 

The digital photographs of the all-solid-state integrated devices on paper and 

PET substrates are shown in Fig. 6b. The self-discharge curves of the 

asymmetric MHDs with PVA-KOH gel electrolyte were presented in Fig. 6c. 

After 1000 s the open-circuit voltage can remain 1.0 V, which demonstrates the 

feasibility to use the asymmetric MHDs as power source to drive the force 

sensor. Different force with a frequency of 0.1 Hz was applied on the integrated 

sensor powered by the asymmetric MHD. The recorded current response was 

shown in Fig. 6d, from which it can be observed that the asymmetric MHD can 

serve as stable power source for the integrated sensor. Furthermore, Fig. 6e 

presented the current response for integrated sensor powered by a constant 

voltage of 1.0 V. As shown in Fig. 6f, the response current proportionally 

increases with the increasing of applied force on the active surface. Comparing 

the performance of the force sensor powered by an asymmetric MHD with that 

of a constant voltage, the obtained results further confirmed the feasibility of 
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employing the asymmetric MHDs as a substitute for a conventional energy unit 

to drive the force sensor. To further prove that the MHD can provide a stable 

output current to the force sensor, when used as an energy supply device, the 

output current curves of the MHD under different loads (33, 82 and 100 kOhm) 

taking into account the impedance match with the force sensor under different 

applied forces were measured (Fig. 6g), demonstrating that the output current 

remained relatively stable for 1000 s. In addition, it is worth mentioning that 

the integrated devices can be directly attached to human skin. The integrated 

sensor can also be used to detect the weak vibration of the arteries in fingers to 

measure heart rate. The measured live heartbeat waveform was shown in Fig. 

6h, and the heart rate was calculated about 63 bpm. All of the above 

experimental results suggest the screen-printed asymmetric MHDs can be used 

as power source units for portable electronic devices and medical 

micro-devices. 
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Fig. 6. (a) The schematic illustration of the electric circuit of the integrated 

force sensor. (b) The photographs of the integrated force sensors on paper and 

PET substrates. (c) The self-discharge curve of the asymmetric MHDs with 

PVA-KOH gel electrolyte. (d) The response current versus time plots of the 

integrated force sensor driven by an asymmetric MHD under different applied 

force on the active surface. (e) The response current versus time plots of the 

integrated force sensor at a bias of 1.0 V supplied by an external power source 

under different applied force. (f) The response current versus applied force 

plots of the integrated force sensor devices at a bias of 1.0 V and driven by an 

asymmetric MHD, respectively. The line shows linear fitting of the results. (g) 

The output current curves of the MHDs under different loads (33, 82 and 100 

kOhm). (h) The measured live heartbeat waveform showing the heart rate of 

about 63 bpm. 

 

4. Conclusions 

In summary, coplanar asymmetric MHDs were fabricated by two-step 

screen-printing, which is a simple, cost-effective, and high throughput 

fabrication method, and can also be extended to other classes of materials for 

fabrication of coplanar asymmetric MHDs on various substrates. The 

screen-printed asymmetric MHDs present many advantages including 

outstanding cycling stability (92% retention of areal capacitance after 10,000 

cycles), broadened potential window (1.45 V), enhanced energy density (10.80 

and 8.84 μWh cm
-2

 for asymmetric MHDs in 6 M KOH and with PVA-KOH, 

respectively), light weight, and excellent mechanical flexibility. Moreover, as a 

stable power source unit, the fabricated asymmetric MHDs can also be 

integrated with force sensors to detect the applied pressure variation. The 

two-step screen-printing method opens up new avenues toward developing 

flexible coplanar asymmetric MHDs and this study promotes the application of 

MHDs based on MXenes for novel portable integrated electronic devices. 
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