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Abstract: On-chip microsupercapacitors (MSCs), as promising power candidates for 

micro-devices, typically exhibit high power density, large charge/discharge rates, and 

long cycling lifetimes. However, as for most reported MSCs, the unsatisfied areal 

energy density (<10 μWh cm-2) still hinder their practical applications. Herein, a new-
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type Zn-ion hybrid MSC with ultrahigh areal energy density and long-term durability 

is demonstrated. Benefiting from fast ion adsorption/desorption on the capacitor-type 

activated carbon cathode and reversible Zn stripping/plating on the battery-type 

electrodeposited Zn nanosheets anode, the fabricated Zn-ion hybrid MSCs exhibit 

remarkable areal capacitance of 1297 mF cm-2 at 0.16 mA cm-2, landmark areal energy 

density (115.4 μWh cm-2 at 0.16 mW cm-2), as well as a superb cycling stability without 

noticeable decay after 10000 cycles. This work will inspire the fabrication and 

development of new high-performance micro-energy devices based on novel device 

design. 

 

Nowadays, the development of portable and implantable electronics has focused on the 

miniaturization, long-term, and high-speed operation, thus further stimulating the 

enormous demand for high-performance miniaturized energy storage devices 

(MESDs).[1] Among those MESDs, the emerging in-plane microsupercapacitors 

(MSCs) have been regarded as one promising power sources owing to their ultrahigh 

power densities, fast rate capabilities, and excellent cycle lifetimes.[2] So far, a variety 

of active materials, such as graphene-based materials,[3] transition metal oxides,[4] 

hydroxides,[5] and dichalcogenides,[6] MXenes,[7] and conducting polymers,[8] have 

been developed to achieve good overall electrochemical performance. Due to the 

limited occupied area of MSCs in on-chip electronics, the performance should be 

calculated based on area rather than by volume or mass.[2a, 9] However, most reported 
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MSCs mentioned above still suffered from the unsatisfied areal energy densities (<10 

μWh cm-2), which hindered their practical applications. 

In general, supercapacitors (SCs) provide fast charge/discharge capability (high power 

density) because of surface-mediated ion diffusion. Rechargeable batteries (RBs) rely 

on the reversible redox reaction on the surface of active materials in the bulk form for 

charge storage.[10] As a result, RBs have much higher specific energy densities, but they 

generally exhibit insufficient power densities ascribing to slow ion diffusion rates in 

solid electrode materials. Therefore, constructing a hybrid supercapacitor with a 

battery-type anode electrode and a capacitor-type cathode electrode has been an 

attractive strategy to gain the merits from both RBs and SCs.[11] In this respect, hybrid 

SCs based on both of monovalent cations[12] (Li+, Na+, K+) and multivalent cations[13] 

(Mg2+, Zn2+, Ni2+, Ca2+, Al3+) have been considered as research hotspots. Compared to 

the monovalent cation-based SCs, multivalent devices are less sensitive to the air and 

can be more suitable for practical applications. Despite these merits and great research 

interests, the study on multivalent ion-based in-plane MSCs for on-chip electronics has 

not been reported yet. 

Herein, we demonstrate a new-type Zn-ion hybrid MSC with ultrahigh areal energy 

density and long-term durability by employing activated carbon (AC) as a cathode and 

electrodeposited Zn nanosheets as an anode in ZnSO4 based aqueous electrolyte. Fast 

ion adsorption/desorption on the AC cathode and reversible Zn stripping/plating on the 

electrodeposited Zn nanosheets anode enable the Zn-ion hybrid MSCs to achieve a high 



Submitted to  

5 

charge/discharge capability. As a result, the areal capacitance reaches a record of over 

1200 mF cm-2 at 0.16 mA cm-2 in a voltage range of 0.5-1.5 V and the areal energy 

density of up to 115.4 μWh cm-2 at a power density of 0.16 mW cm-2, which are superior 

to those of the state-of-the-art MSCs. Moreover, the Zn-ion hybrid MSCs exhibit a 

superb cycling stability without noticeable decay after 10000 cycles. Thereby, the Zn-

ion hybrid MSCs with unique characteristics of such excellent reversible capacitance, 

high-rate capability, and good cycling performance are expected to act as a new 

generation MESDs. 

The whole device fabrication process towards Zn-ion hybrid MSCs is schematically 

illustrated in Figure 1a. First, gold interdigital current collectors were patterned on the 

clean silicon wafer. Then, 500-μm-thick photoresist frames were built between and 

around fingers, serving as the mechanical supporter and physical barrier (Figure S1). 

After that, the Zn nanosheets were electrodeposited on the left gold interdigital fingers 

with a constant current density to use as the anode electrode. In addition, the slurry 

consisting of active materials (AC), binder (sodium carboxymethylcellulose, CMC), 

and conductive additive (acetylene black) was injected into the right trenches for 

several times to fill the space as the cathode electrode. The different side-view images 

display the asymmetric configuration (Figure S2). Finally, 2 M ZnSO4 aqueous 

electrolyte was drop-coated onto the interdigital patterned area and packaged with 

polyimide film with the help of UV-curing optical adhesive. The devices before and 

after packaging are depicted in Figure 1b with the total size of 1.8 × 1.8 cm2. The 
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fabrication of Zn-ion hybrid MSCs is economic, simple, highly efficient, and 

compatible with modern silicon-based technology. 

The morphologies and structure of electrodeposited Zn nanosheets anode were 

inspected by scanning electron microscope (SEM), atomic force microscopy (AFM), 

high-resolution transmission electron microscope (HRTEM), and X-ray diffraction 

(XRD). The SEM images present that the vertical Zn nanosheets were homogeneously 

grown on the surface of gold interdigital fingers at a constant current (Figure 2a and 

Figure S3, S4). Additionally, the corresponding AFM images and height profiles imply 

that the grown Zn nanosheets own lateral dimension of 100-500 nm and average 

thickness of 5.6 nm (Figure 2b,c). As shown in Figure 2d,e, the HRTEM images and 

selected area electron diffraction (SAED) pattern confirmed the distinct crystal lattice 

and atomic structure of Zn nanosheets. The well-defined lattice space of 0.25 nm was 

observed (Figure 2e), corresponding to the (002) plane of hexagonal zinc (JCPDS: 87-

0713).[14] Furthermore, to determine the growth process, various Zn nanosheets samples 

at different electrodeposition times were investigated with XRD patterns and SEM 

measurements. All the diffraction peaks were well in accordance with hexagonal zinc 

(Figure 2f).[14] The discussions of the growth mechanism can be found in Supporting 

Information, associated with Figure S5. After the electrodeposition of 30 min, the side-

view SEM image and corresponding EDS mapping indicate that the thickness of Zn 

anode in MSCs is around 50 μm (Figure S6). As the positive electrode material, 

commercial AC was derived from coconut shells and characterized by SEM, HRTEM, 



Submitted to  

7 

XRD pattern, and Raman spectrum (Figure S7-S9). The specific surface area is as high 

as 1825 m2 g−1 (Figure S10), beneficial to the sufficient ion adsorption/desorption. After 

filling the channels by controlled injector for several times, the thickness of AC cathode 

in MSCs is around 80 μm (Figure S11). 

Before assembling the Zn-ion hybrid MSCs, the electrochemical behavior of the Zn 

nanosheets anode and the AC cathode were firstly investigated by cyclic voltammetry 

(CV) measurement. As depicted in Figure 3a, in the case of the Zn anode, there is one 

set of redox peaks located at -0.9/-1.2 V (vs. SCE), corresponding to the 

stripping/plating process of Zn/Zn2+. Moreover, the intimate contact between 

electrodeposited Zn nanosheets anode and aqueous electrolyte guarantees a stable ion 

transport, as verified by the continuous Zn stripping/plating process (Figure S12). In 

addition, perfect rectangular CV curves of AC cathode are observed due to the 

formation of electrochemical double layers (Figure S13). Since there is a wide potential 

difference (1 V) between Zn and AC, they can be assembled into a Zn-ion hybrid MSC 

system whose reactions during the charging and discharging processes can be 

schematically illustrated in Figure 1c. The CV curves of the Zn-ion hybrid MSC at 

various scan rates between 0.2 and 5 mV s-1 (Figure 3b) display the nearly rectangular 

shape in a potential window of 0.5-1.5 V, illustrating the characteristics of 

electrochemical double-layer capacitor and also surface redox reactions. Furthermore, 

the capacitive behavior of the Zn-ion hybrid MSC was investigated through 

galvanostatic charge-discharge (GCD) measurements at current densities from 0.16 to 
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3.12 mA cm-2 (Figure 3c). According to the GCD curves, the Zn-ion hybrid MSCs 

delivered an outstanding areal capacitance of 1297 mF cm-2 at a current density of 0.16 

mA cm-2, which was 10 times higher than that of MnO2-based MSCs, and much higher 

than those of graphene-based MSCs and recently reported porous carbon-based MSCs 

(1-500 mF cm-2, Table S1). Moreover, the areal capacitance retained more than 600 mF 

cm-2 at the high current density of 3.12 mA cm-2. In addition, the Zn-ion hybrid MSC 

exhibited a superior cycling stability with 100% of capacitance retention after 10000 

charge/discharge cycles at 1.56 mA cm-2 (Figure 3e). Figure 3f shows the 

electrochemical impedance spectra (EIS) of Zn-ion hybrid MSCs before and after the 

cycling measurement. The semicircles in high frequency regions denote charge transfer 

resistance (Rct), which is related to reaction kinetics, and the slope in low frequency 

regions represents Zn2+ diffusion resistance in the electrolyte. After cycling test, Rct 

becomes much smaller (114.4 vs. 142.5 Ω), suggesting fast reaction kinetics of Zn-ion 

hybrid MSCs.[4h, 8d] 

As the whole device space is greatly concerned in designing MESDs, the areal energy 

and power densities are more meaningful than those calculated based on mass or 

volume. Thus, to further demonstrate the overall performance of the Zn-ion hybrid 

MSCs, Ragone plots were presented in Figure 3g. Notably, our Zn-ion hybrid MSCs 

delivered an ultrahigh areal energy density of up to 115.4 μWh cm-2 at 0.16 mW cm-2, 

which was much higher than those of recently reported graphene-based MSCs,[3b, 3c, 3f, 

4h] polyaniline nanowire MSCs,[15] onion-like carbon MSCs,[3k] activated carbon 
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MSCs,[3k] and even superior to carbide-derived carbon MSCs[3l] and graphene/MnO2 

MSCs[4d] (0.1-50 μWh cm-2). In addition, Zn-ion hybrid MSC also provided high power 

density of 3.9 mW cm-2 at 89 μWh cm-2, which is superior to that of carbon-based 

MSCs.[3b, 3c, 3f] As depicted in Table S1, these results for Zn-ion hybrid MSCs are 

comparable with microbatteries and electrolytic capacitors. In order to achieve higher 

specific voltage and capacitance, individual units are connected in series and parallel 

for practical applications. For example, three Zn-ion hybrid MSCs connected in series 

can reach a high voltage of 4.5 V (Figure S15). Two serially-connected Zn-ion hybrid 

MSCs can light three characters, “TUD”, composed of 33 red LEDs (Figure 3h). 

Furthermore, two and three Zn-ion hybrid MSCs in a parallel configuration exhibit an 

enhanced capacitance compared with that of a single one. 

In order to study the energy storage mechanisms of Zn nanosheets anode and AC 

cathode in Zn-ion hybrid MSCs, the XRD patterns at various charge/discharge voltages 

after the 50th cycle are compared in Figure 4a,b. The GCD measurement of Zn-ion 

hybrid MSCs started at 1.5 V, and then discharged to 0.5 V, finally charged to 1.5 V 

again. As clearly revealed in Figure 4a, there exist eight main characteristic peaks of 

(002), (100), (101), (102), (103), (004), (112), and (201) at 2θ of 36.2o, 38.9o, 43.1o, 

54.5o, 70.3o, 77.0o, 82.1o, and 86.6o, respectively, for all the Zn nanosheets anodes. As 

the discharge process advances, the diffraction intensities of both (002) and (004) facets 

decrease, accompanied by the increase of that of (101) facet, indicating the change of 

the crystal reorientation during the stripping conversion of Zn nanosheets. Notably, no 
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other new peaks ascribed to such as ZnO particles can be identified, manifesting the 

good reversible capability. Conversely, as the charge process continues, the (101) facet 

gradually vanishes, associated with the recovery of (002) and (004) facets. In addition, 

as displayed in Figure 4c and Figure S16, Zn anode still exhibits the nanosheet 

morphology after cycling measurement. The absence of ZnO is due to the neutral 

electrolyte, which does not result in the formation of Zn(OH)2.
[16] In addition, the 

vertical nanosheets with porous structure hinder the seed growth of Zn dendrite. These 

results suggest the Zn stripping/plating with excellent reversibility on the Zn nanosheets 

anode. The structural change at the AC cathode was also examined with XRD and SEM 

investigations. During the GCD process, the location and intensity of (002) peak 

remained unchanged, indicating a physical adsorption/desorption process. Also, the 

morphology of AC cathode after cycling testing (Figure 4d and Figure S17) did not 

show obvious variation. All these results support the good cycling stability of Zn-ion 

hybrid MSCs at both low and high current densities. 

In summary, we demonstrate a novel Zn-ion hybrid MSC by using electrodeposited Zn 

nanosheets anode and AC cathode in an aqueous electrolyte. The fabricated Zn-ion 

hybrid MSCs exhibit ultrahigh areal capacitance of 1297 mF cm-2 at 0.16 mA cm-2, 

landmark areal energy density (115.4 μWh cm-2 at 0.16 mW cm-2), as well as long 

lifetime, thanks to the hybrid device structure with a battery-type anode and a capacitor-

type cathode. We believe that this study not only provides new ideas for developing 
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high-performance MSCs, but also shows potential perspective for the integration in 

miniaturized intelligent electronics. 
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Figure 1. a) Schematic of the fabrication process of Zn-ion hybrid MSCs: (i) patterning 

gold interdigital current collectors onto the clean substrate; (ii) building photoresist 

separator between and around the interdigital fingers; (iii) electrodepositing Zn 

nanosheets as anode material and injecting the slurry containing AC, CMC, and 

acetylene black as cathode material; (iv) drop-coating aqueous electrolyte and 

packaging with polyimide film. b) Optical images of Zn-ion hybrid MSCs before and 

after packaging. c) Mechanism of Zn-ion hybrid MSCs based on simultaneous anion 

adsorption/desorption on AC cathode electrode and Zn2+ stripping/plating on 

electrodeposited Zn nanosheets anode electrode. 
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Figure 2. Characterizations of electrodeposited Zn nanosheets as anode materials. a) 

SEM image of electrodeposited Zn nanosheets. b) AFM images and c) corresponding 

height profiles of Zn nanosheets; scale bars, 100 nm. d, e) HRTEM images of 

electrodeposited Zn nanosheets with different magnifications. Inset shows the SAED 

pattern. f) XRD patterns of Zn nanosheets on the gold interdigital current collectors 

with different electrodeposition times. 

 

Figure 3. Electrochemical behavior of Zn-ion hybrid MSCs. a) CV curves of the Zn 

anode and AC cathode in 2 M ZnSO4 aqueous electrolyte at a scan rate of 10 mV s-1. b) 

CV curves at varies scan rates of 0.2-5 mV s-1. c) GCD curves at different current 

densities of 0.16-3.12 mA cm-2. d) Areal capacitance calculated from GCD curves as 

function of current densities. e) Cycling stability at the current density of 1.56 mA cm-

2. Inset shows the first five and the last five GCD curves of Zn-ion hybrid MSCs. f) 

Nyquist plots of the fabricated Zn-ion hybrid MSCs before and after 10000 charge-

discharge cycling measurement. g) Ragone plots for Zn-ion hybrid MSCs, carbon-

based MSCs, graphene-based MSCs and conducting polymer-based MSCs. h) 

Photograph of two Zn-ion hybrid MSCs connected in series powering a LED array of 

“TUD” logo. 
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Figure 4. Mechanism study of Zn-ion hybrid MSCs. Ex-situ XRD patterns of a) Zn 

nanosheets anode and b) AC cathode after the 50th cycle at 0.5 mA cm-2 between 0.5 

and 1.5 V. The curves L represent the XRD patterns after 10000 cycling testing. SEM 

images of c) Zn nanosheets anode and d) AC cathode after 10000 cycling measurements. 

 




