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Jianglin Ye, Huabing Tan, Shuilin Wu, Kun Ni, Fei Pan, Jie Liu, Zhuchen Tao, Yan Qu, Hengxing Ji, Patrice Simon, and Yanwu Zhu* DOI: 10.1002/adma.201801384 lithium-related safety issues. [2] As an alternative to microbatteries, the micro-supercapacitor (MSC) represents an emerging family of miniaturized electrochemical energy storage devices with intriguing performances of high power per volume, outstanding rate capability, extremely long lifetime, and mechanical stability. [3,4] Solid-state MSCs can be directly integrated with other miniaturized electronic devices, such as microbatteries and energy-harvesting microsystems. [5] Notable efforts have been devoted to improve the energy and power performances of MSCs via fabrication of newly developed electrode materials (e.g., onion-like carbons, carbide-derived carbons, doped-carbons, conducting polymers-coated carbons), [6,7] or by utilizing advanced thin-film preparation/processing techniques (e.g., layerby-layer assembly, roll-to-roll transfer/ printing, spray-coating, lithography, laserassisted method). [8][9][10][11] Nevertheless, the overall merits such as scalability, transferability, integrability, flexibility, electrochemical performance, and fabrication efficiency of MSCs are still far from satisfactory. [3] With high theoretical areal capacitance and other merits, graphene offers great potential for electrochemical energy storage. [12] Conventional supercapacitors have been fabricated with graphene-based or graphene-derived materials for improved performances. [13] Graphene-based film electrodes Development of high-performance yet flexible energy storage devices is essential to meet the growing needs for portable, wearable, and implantable electronic devices. [1] Currently portable devices mainly rely on batteries as micro power sources; lithium thin-film batteries (LTF) are commercially available. Such devices, however, suffer from relatively low power densities (typically <10 mW cm -3 ), limited cycle times, and have also been fabricated with high power density due to the rapid transport of electrolyte ions between the 2D platelets. [10,14,15] To fabricate graphene-based MSCs, spin-coating, vacuum filtration, and laser-assisted methods have been utilized. [16,17] Among others, inkjet printing and screen printing show simple and cost-effectiveness for efficient p atterning microelectrodes on various substrates, for which a stable ink with good compatibility to the target substrate is a stringent requirement. [9,14] The lithographic fabrication is an effective way to fabricate MSCs with high-resolution patterns, while involving many separated steps and high cost, to some extent, lacking of versatility. [18] In addition, most graphene-based film electrodes reported so far are based on reduced graphene oxide (rGO); the reduction processes, e.g., by high temperature, plasma or reductant treatment, however, are not suitable for scalable and integrated applications, and suffer from the restacking of graphene platelets as a result of the van der Waals interaction between platelets. [18,19] Wet processing may also bring problems in the fabrication of semiconductor devices, hampering the manufacturing of MSCs on silicon chips. [20] Recently, a photochemical reduction of GO with TiO 2 was developed for the scalable fabrication of graphene-based MSCs with excellent performances, in which masking is relied to define microelectrodes on substrates and the versatility of making different patterns on one chip may be sacrificed. [16] In terms of efficiency and substrate compatibility, direct laser writing (DLW) technique offers a promising protocol for fabrication of MSC arrays, both on flexible and rigid substrates, at the room temperature and over large areas. [21] For example, flexible solid-state MSCs have been demonstrated by DLW of polyimide films and MXenes, with a typical power density of <15 W cm -3 . [22,23] DLW has also been utilized to fabricate flexible MSCs by laser-assisted reduction of GO fi lms with a standard LightScribe digital video disc (DVD) drive, showing a power density of 200 W cm -3 . [4,24] But the low packing density of rGO films made by laser scribing has resulted in an uncompetitive capacitance, energy, or power density (typically, ≈8.7 F cm -3 , 0.98 mWh cm -3 in poly(vinyl alcohol) (PVA)/LiCl). High-performance MSCs, ideally in compact volume and with high power, are capable of alternating current (AC) line-filtering, while with designable energy density MSCs are desired for wearable, flexible electronic devices on versatile substrates.

In this work, we demonstrate that DLW is a highly efficient approach to fabricate solid-state MSCs based on graphene films made by mass chemical vapor deposition (CVD). Flexible MSCs prepared on various substrates with customer-designed patterns or integrations have shown superior and devisable performances, in both hydrogel and ionogel electrolytes. The solidstate MSCs based on 8 layers of CVD graphene deliver high specific capacitances of 62.7 µF cm -2 and 36.8 F cm -3 in PVA/ H 2 SO 4 hydrogel electrolyte. The short resistance-capacitance (RC) time constant of 0.54 ms of such multilayered graphene-MSCs (MG-MSCs) allows an excellent AC line-filtering performance which can be readily utilized in the conversion of AC signal to DC output. In an ionogel electrolyte, more remarkably, MG demonstrates high capacitance of 45.2 µF cm -2 (147 F cm -3 in electrode) at 10 mV s -1 , excellent rate capability indicated by a capacitance of 5.1 µF cm -2 at 500 V s -1 , ultrahigh volumetric power density of 1860 W cm -3 , and energy density of 23 mWh cm -3 ; both the power density and energy density are among the highest values achieved for carbon-based MSCs. Furthermore, by depositing ≈245 nm thick polyaniline (PANI) on graphene films followed by DLW, the specific capacitance of hybrid MSCs has been optimized to 3.8 mF cm -2 in PVA/ H 2 SO 4 hydrogel electrolyte, based on which an integrated line filtering/energy storage/sensing device is fabricated, showing the excellent integrability and scalability of DLW for the fabrication of MSC-based devices.

Figure 1A illustrates the fabrication procedure of MG-MSCs. Monolayer graphene (G) films grown on copper (Cu) foils with a typical size of A4 size (21 × 29.7 cm 2 ) are obtained from mass CVD production. Poly(ethylene terephthalate) (PET) pressuresensitive adhesive (PSA) films are used to assist the transfer of graphene on target substrates. [25] By repeating the dry transfer sequentially, it is ready to obtain n-layered CVD graphene films in A4 size on target substrates such as PET (Figure S1, Supporting Information). [8,26] Raman spectroscopy reveals that the intensities of G-band and 2D-band increase with the layer number of graphene transferred, while the G/2D ratio does not significantly change (Figure S2, Supporting Information), suggesting that each layer in the stacking remains the feature of monolayer graphene. [27] However, non-negligible D peaks obtained from the MG films with more layers indicate the higher content of defects when compared to fewer layer MG films. Compared to the monolayer graphene, the blue-shifted 2D peak in MG films may imply a slight p-doping which may be introduced during the sequential transfer. X-ray photoelectron spectroscopy (XPS) (Figure S3, Supporting Information) and sheet resistance measurements (Figure S4, Supporting Information) of MG films confirm the high carbon purity and the sequential reduction of sheet resistance with the graphene stacking layers. As the Au film is considered as an effective adhesive-strained layer to graphene, [28] MG films have been transferred to the target substrates deposited with Au films, followed by a DLW equipped with a computer-assisted design (CAD) for manufacturing microelectrode patterns. Nanometerhigh ripples are observed from the atomic force microscopy (AFM) images (shown in Figure S5, Supporting Information) of the MG films transferred on a PET/Au substrate, due to the wrinkles of CVD graphene. [29] With DLW, micropatterns with high resolution and high density are fabricated in a highly efficient manner. For example, more than 100 microdevices (in an area of about 1 × 1 cm 2 ) are produced on a single run in 5 min; the micropatterns on PET substrate with a size of ≈500 µm are completely flexible and can be attached to a human finger (Figure S6, Supporting Information). Figure 1B shows the micropattern arrays consisting of various designed patterns (further magnified and shown in Figure 1C) on one PET/Au substrate with a size of 10 × 10 cm 2 . In this way, devices with desirable patterns can be made on substrates such as polyimide (PI), Si/SiO 2 , and poly(tetrafluoroethylene) (PTFE) coated with Au films in addition to PET. Figure 1D shows a pattern constructed with 50 interdigitated microelectrodes on PET/ Au substrate. The ultrathin MG-MSCs on Teflon film can be twisted, further indicating the high flexibility (Figure 1E). The optical image (Figure 1F) shows the typical microelectrode width of ≈180 µm; a channel width of ≈70 µm is observed from scanning electron microscopy (SEM) (Figure 1G). Elemental mapping analysis confirms the uniform distribution of C element on the interdigital fingers and the clear space between fingers (Figure 1H). One shall notice that the width of microelectrodes and channels can be readily tuned in DLW by CAD.

The MG microelectrodes made by DLW are directly used as MSCs (MG-MSCs) after an electrolyte, e.g., 1-ethyl-3-methylimidazolium-bis (trifluoromethylsulfonyl) imide (EMI TFSI) ionic liquid, PVA/H 2 SO 4 hydrogel or fumed silica nanopowder/ ionic-liquid ionogel (FS/IL, e.g., fumed silica nanopowder/ EMI TFSI), is cast on the arrays. The electrochemical measurements of MG-MSCs in EMI TFSI electrolyte (Figure S7a, Supporting Information) show that the capacitance increases with the number of graphene layers in the stacking in a nearly linear manner, till ≈0.1 mF cm -2 for a device with 25-layered graphene films. To balance the performance and transfer cycles, MSCs with 8-layered graphene films were prepared on PET/Au and the performance was investigated systematically. From the cyclic voltammetry (CV) curves shown in Figure 2A,B, we can see that the MG-MSCs exhibit good electrochemical behavior with a nearly rectangular CV shape, demonstrating a typical behavior of double-layer capacitors at conventional (10 V s -1 ) and high scan rates (500 V s -1 ) in ionic gel electrolytes. Specifically, MG-MSCs are comparable to the ionogel electrolyte till an electrochemical window of 3.0 V (Figure S7b, Supporting Information). With the increase in the scan rate, the discharge current density (at 0 V) responds linearly to the scan rate till 100 V s -1 for both electrolytes (Figure 2C), reflecting the fast ion diffusion. The areal and volumetric capacitances of the MG-MSCs (Figure 2D) in PVA/H 2 SO 4 hydrogel electrolyte are 62.7 µF cm -2 (338 µF cm -2 in MG electrode) and 36.8 F cm -3 (197 F cm -3 in MG electrode) at the low scan rate, e.g., 10 mV s -1 . CVs recorded at lower scan rates show the contribution of redox process [32] with the faradic efficiency closing to 1 (Figure S8, Supporting Information). The comparison in Table S1 (Supporting Information) shows that the volumetric capacitance of MG-MSCs in PVA/H 2 SO 4 is higher than those reported from MSCs based on methane plasma rGO (MPG-MSCs, 17.5 F cm -3 ), [19] graphene/carbon nanotube carpets (G/CNTCs-MCs, 1.08 F cm -3 ), [33] laser-scribed graphene (LSG, 19 F cm -3 ), [4] and laser-processed graphene (LPG-MPS, 8.7 F cm -3 ). [34] Notably, MG-MSCs still deliver an areal capacitance of 5.9 µF cm -2 and a volumetric capacitance of 3.4 F cm -3 , at an ultrafast scan rate of 1000 V s -1 in PVA/H 2 SO 4 hydrogel electrolyte. In FS/IL ionogel electrolyte, MG-MSCs show specific capacitances of 45.2 µF cm -2 (251 µF cm -2 in MG electrode) and 26.5 F cm -3 (147 F cm -3 in MG electrode) at 10 mV s -1 , and highrate performance with 5.1 µF cm -2 and 3.0 F cm -3 , respectively, at 500 V s -1 , which are higher than the values reported in the literatures while obtained from much lower scan rates (5-200 V s -1 ), e.g., for onion-like carbon (0.4 F cm -3 ), LSG (1.4 F cm -3 ), and laser-induced porous graphene films (≈0.66 F cm -3 ) (also seen in Table S1, Supporting Information). [6,23] The cycling measurement (Figure S9a, Supporting Information) shows that the retention is ≈96% after 20 000 charge/discharge cycles at 100 V s -1 and the CV curves remain unchanged after cycling in hydrogel electrolyte. Meanwhile, MG-MSCs retain ≈82% of initial capacitance after 20 000 cycles at a scan rate of 10 V s -1 in FS/IL electrolyte. To examine the mechanical robustness, the MG-MSCs were experienced by repeated bending and the electrochemical results obtained after every 100 bending cycles (shown in Figure S9b, Supporting Information) reveal that ≈85% of the initial performance is remained after 4750 cycles (in PVA/H 2 SO 4 ) and 1900 cycles (in FS/IL), respectively. The flexibility of MG-MSCs was also evaluated by performing the electrochemical measurement and bending simultaneously; the CV curves in Figure S9c,d (Supporting Information) show that nearly 100% of capacitance is maintained for the bending of 180°, in both hydrogel and ionogel electrolytes. The comparison of the MG-MSC design on different substrates (Figure S10, Supporting Information) indicates that the difference in capacitance is less than 10% among the substrates. The device performances are also stable over several months in ambient conditions (Figure S11, Supporting Information). The Ragone plot shown in Figure 2E compares the performance of MG-MSCs with various micro energy storage devices. As can be seen, MG-MSCs exhibit exceptional energy density of 23 mWh cm -3 (at 0.32 W cm -3 ) in ionogel electrolyte (normalized to the MG electrodes), which is higher than those of other carbon-based thin-film MSCs (normalized to the carbon electrodes as well) such as doped graphene (sulfur-doped graphene, SG-MSCs, 12.4 mWh cm -3 ; nitrogen and boron codoped graphene, BNG-MSCs, 16.9 mWh cm -3 ), [30] MPG-MSCs (7.5 mWh cm -3 ), [19] photochemical reduction of GO/TiO 2 composite (PRG-MSCs, ≈13.2 mWh cm -3 ), [16] and ultrathin printable MSCs (G/PH1000, UPSCs-25, 12 mWh cm -3 ) [14] (see Table S1, Supporting Information), while lower than the ultrathin rGO film (32 mWh cm -3 ) obtained by hydrazine monohydrate reduction. [18] Simultaneously, MG-MSCs exhibit ultrahigh power densities of 1714 W cm -3 (29 mW cm -2 in PVA/H 2 SO 4 ) and 1860 W cm -3 (32 mW cm -2 in ionogel electrolyte). The ultrahigh power performance in ionogel electrolyte is superior to the state-of-the-art of high-power MSCs based on graphene, doped-graphene (typically lower than 1000 W cm -3 ), CNT/G composites (300 W cm -3 ), and nanostructured-MSCs (typically, 200-1400 W cm -3 ). [18,20,31] In terms of energy storage performance, MG-MSCs actually are superior to ultrahighpower electrolytic capacitors (>1000 W cm -3 ).

To obtain the hint about the mechanism for the ultrahigh power of MG-MSCs, the interlayer spacing of MG was estimated from the height measurement with AFM. From Figure S12 (Supporting Information), we can see that the interlayer distance remains about 1.2 nm during the sequential transfer of graphene films, which is much larger than the CV curves obtained at scan rates of A) 10 V s -1 and B) 500 V s -1 , respectively. C) Plots of discharge current as a function of scan rate. D) Evolution of areal and volumetric capacitances with scan rate. E) Ragone plots of MG-MSCs, compared with commercial LTF batteries, electrolytic capacitors, and carbon based MSCs such as SG-MSCs, [30] MPG-MSCs, [19] and PiCBA MSCs, [31] among others listed in Table S1 (Supporting Information). F) Schematic showing the layered geometry of MG microelectrodes suitable for the efficient ion storage and transport.

typical interlayer distance in rGO (e.g., ≈3.4 Å in high-temperature-reduced GO films, [19] or 5-7 Å obtained from hydrazine assisted reduction, electrophoretic deposition, or nanoparticles supporting [15,16,18] ). As schematically illustrated in Figure 2F, we propose that the 1.2 nm channels between the adjacent graphene layers offer feasibility for the highly efficient storage and superfast diffusion of electrolyte ions, which have the ionic sizes of, e.g., typically, ≈4 Å for SO 4 2-, PO 4 3-, HPO 4 2-, [START_REF] Speight | Lange's Handbook of Chemistry[END_REF] ≈7.6 Å for EMI + , and ≈7.9 Å for TFSI -. [START_REF] Tsai | [END_REF] To see this point more clearly, the average capacitance (C ave ) of each side of graphene layer in MG has been obtained by normalizing the areal capacitance (C electrode ) with 2n (n is the number of graphene layers) for MG-MSCs made from 2, 4, and 8 layers and is listed in Table S2 (Supporting Information). From Table S2 (Supporting Information), we can see that the specific capacitance normalized to one side of monolayer graphene gradually decreases with the layer number of MG electrodes, but higher than the double-layer capacitance of graphene (e.g., 21 µF cm -2 ) mostly reported. [37] This result could be explained by the extra capacitance contribution from the edges of MG, the doping and defects in MG, and the Au collector below MG, [38] in addition to that from the graphitic planes in MG (as a reference, the capacitance of the bare Au collector was measured as ≈10 µF cm -2 in PVA/H 2 SO 4 or ≈7 µF cm -2 in FS/IL at 10 mV s -1 , respectively). Furthermore, by assuming a voltage drop of 1.25 V on each electrode for a symmetric MSC in ionogel electrolyte, the charge density on each side of monolayer graphene in the 8-lay-ered MG is estimated as ≈16 µF cm -2 × 1.25 V = 0.012 e Å -2 , which is still lower than the maximum charge density of 0.031 or 0.044 e Å -2 , estimated from a close packing of anion (TFSI -) or cation (EMI + ), respectively. [39] The result suggests that the charge storage capacity in MG electrodes could be further optimized by further improving the accessible area, e.g., in EMI TFSI electrolyte, which shows a small contact angle of ≈36° on MG (Figure S13, Supporting Information).

Electrochemical impedance spectroscopy (EIS) has been used to further investigate the frequency response of MG-MSCs on PET/Au in PVA/H 2 SO 4 hydrogel and FS/IL ionogel electrolytes. The Nyquist plots shown in Figure 3A are typical from capacitive, blocking electrodes and an equivalent series resistance of 9.8 Ω in PVA/H 2 SO 4 electrolyte or 23.1 Ω in FS/IL electrolyte is obtained. From the curves of phase angle versus frequency (Figure 3B), the characteristic frequency f 0 at -45° is 2025 Hz (in PVA/H 2 SO 4 ) and 1150 Hz (in FS/IL), corresponding to a time constant (τ 0 ) of 0.49 and 0.87 ms, for PVA/H 2 SO 4 and FS/IL electrolyte, respectively. These values are lower than or comparable to those reported from ultrathin graphene-based MSCs in hydrogel electrolyte (Figure 3C), e.g., UPSCs-25 (G/PH000, 1 ms), [14] MPG-MSCs (0.28 ms), [19] SG-MSCs (0.26 ms), [30] azulene-bridged coordination polymer framework film (coordination of 2,2′-diisocyano-1,1′,3,3′-tetraethoxycarbonyl-6,6′-biazulene (donted as iCBA), PiCBA, 0.27 ms), [31] G/CNTCs-MCs (0.82 ms), [33] and PRG-MSCs (16.4 ms) (Table S1, Supporting Information), [16] indicating the efficient ion transport/electron conductance in MG microelectrodes. The phase angle at 120 Hz was measured to be -76.2° with a RC time constant (τ RC ) calculated from the imaginary capacitance of 0.54 ms in PVA/ H 2 SO 4 (Figure S14, Supporting Information), one order lower than Al electrolytic capacitor (AEC) (-83.4°, 8.3 ms), [40] demonstrating the potential of MG-MSCs for flexible AC line-filtering device. [41] Scheme S1 (Supporting Information) shows an AC line filtering electrical circuit composed of a full wave bridge rectifier, smoothing MG-MSCs and a load resistor. The input AC signal is generated by function generator (V peak = ±2.3 V, 50 Hz) and the full-bridge rectifier converts the AC signal to a pulsating DC signal (Figure 3D), which is converted to a smooth DC output by the MG-MSCs eventually. As can be seen in Figure 3E, single MG-MSC converts the rectified pulsating signal to a smooth DC output of ≈0.88 V and two MG-MSCs in series convert the signal to a stable output of ≈1.6 V. It is noted that there was no obvious change in DC output when the measurement was conducted under a bending of ≈60° and the output power can reach up to 11 mW (for two MG-MSCs in series with an area of ≈3 cm 2 ).

We demonstrate here that DLW is a universal protocol for the construction of an integrated energy harvesting device based on piezoelectric generator (PEG), MG-MSCs line-filtering, and graphene-polymer hybrid films/sensors (Figure 4A). We are also aware of the limitations of MG-MSCs in terms of areal capacitance or energy density (0.04 µWh cm -2 ) accompanying with the very small thickness, which make MG-MSCs more suitable to be used in high power AC line-filtering devices. On the other hand, the capacitance was also optimized by depositing pseudocapacitive active materials on MG films. As shown in Scheme S2 (Supporting Information), MG films (4-8 layers) were used as conductive substrates for electrochemical deposition of PANI films with a size of 12 × 12 cm 2 (Figure S15a, Supporting Information). The SEM image (Figure S15b, Supporting Information) shows that the 245 nm thick PANI (from AFM image in the Figure S15c, Supporting Information) exhibits a uniform surface with a rod-like morphology on the top of MG film. Based on the MG-PANI MSCs fabricated by DLW (Figure S15d, Supporting Information), the specific capacitance in PVA/H 2 SO 4 electrolyte is improved to 3.8 mF cm -2 and 155 F cm -3 in device at 1 mV s -1 (Figure S16, Supporting Information). The obtained MG-PANI MSCs demonstrate significantly improved energy densities of 21 mWh cm -3 (at 0.08 W cm -3 ) in PVA/H 2 SO 4 electrolyte and 34 mWh cm -3 (at 1.2 W cm -3 ) in poly(methyl methacrylate) (PMMA)/LiClO 4 electrolyte (Figure 4C; Figure S17 and Table S3, Supporting Information), comparable to or higher than those of state-of-the-art MSCs such as polypyrrole (PPy) nanowires, V 2 O 5 /exfoliated graphene MSCs using similar electrode thickness. [42] The rod-like, intertwined PANI morphology has also contributed to the ultraflexibility and exceptional mechanical stability of MG-PANI MSCs, as indicated by the high capacitance retention of 86% when the device is bent at an angle of 150° for 1000 cycles in PVA/H 2 SO 4 electrolyte (Figures S18 andS19, Supporting Information).

An integrated device, containing a diode bridge rectifier circuit, two MG-MSC line-filter devices in series, MG-PANI MSCs array (2 × 2) (both in PVA/H 2 SO 4 electrolyte), and pressure/gas sensors is fabricated in one step by DLW on PI/Au substrate (Figure 4B). The input AC signal is generated by pressing PEG at a frequency of 110 Hz, which is smoothed by the MG-MSC line-filter and eventually stored by MG-PANI MSCs. After charging the MG-MSCs, the DC voltage smoothly reaches ≈1.5 V (Figure 4D). The charged MG-MSCs and MG-PANI MSCs can be galvanostatically discharged at 4 µA cm -2 for ≈9 s and ≈500 s, respectively. From the current leakage evaluation of the devices (Figure 4E), we can see that the leakage current quickly drops to only 1.3 µA (0.4 µA cm -2 ) for MG-PANI MSCs and 120 nA for MG-MSCs, respectively, indicating the high stability of the MSCs. The pressure detector shows a steady response to pressure pulses (≈5 kPa), as shown in Figure 4F. The on/off ratio remains 10 000 after 10 000 s. The sensor with integrated MG-PANI MSCs successfully detected walking. As shown in Figure 4G, repeated measurements of each step give regular signals, signifying the reproducible sensing powered by the integrated MSC array and potential applications in wearable energy storage. The response current gradually decreases with time, which is attributed to the gradual decrease in the output voltage of the charged MG-PANI MSCs with time. In addition, PANI gas sensors respond quickly to toxic gas such as 200 ppm of NO 2 or NH 3 with high sensitivity and fast response at room temperature (22-25 °C) with the integrated device as power source; [43] the sensitivity tested also remains stable till 0 or 35 °C. As shown in Figure 4H, the different response to NO 2 or NH 3 is explained by the transfer of electrons or protons between PANI and gas molecules (inset of Figure 4H), [44] reflecting the feasibility of the wearable, self-powered integrated device.

In summary, we have demonstrated several prototypes of CVD-graphene-based in-plane MSCs with superior performances by DLW. The mass production and stable dry transfer of CVD graphene have guaranteed the highly stable interlayer distance of the multilayered graphene packing, benefiting to the efficient ion transport and simultaneously the excellent electric conductance of MG microelectrodes. The as-fabricated flexible MSCs delivered excellent specific volumetric power and energy densities and showed promising AC line-filtering performance with an extremely short RC time in PVA/H 2 SO 4 electrolyte.

It should be noted that the areal capacitances or energy densities of MG-MSCs were limited by the very small thickness of MG electrodes restricted by the tedious sequential transfer process, though which can be carried out in an automatic way. The hybrid films made by depositing electrochemically active materials, such as conductive polymers on MG demonstrated above, have provided further opportunities for optimizing the performance of the MSC device. Some other strategies such as chemical doping or fine-tuning of structure/morphology may further increase the energy/power density of MG-based MSCs. The DLW fabrication process has shown potential for scaling to large area and for integration with other devices. We believe this study opens up a plethora of versatile design and scalable fabrication of flexible, on-chip devices for practically useful energy storage devices based on CVD graphene.

Experimental Section

Fabrication of MG-MSCs: The monolayer graphene films were obtained by CVD on copper (Cu) substrates from Wuxi Graphene Film Co., Ltd. The layer-by-layer transfer of CVD graphene from Cu to target substrates was carried out with the assistance of PSA films, as previously reported with further modification. [25] Rollers (≈100 mm min -1 ) were used to assure the adhesion between the graphene film grown on Cu with the adhesive layer. Before transfer, a 25 nm gold (Au) film was first sputtered on the substrate with a rate of ≈1.0 Å s -1 in a chamber with a pressure of ≈2 × 10 -6 torr (Kert Lesker Lab18) with a size of up to A4. After sequential transfers, MG films were obtained on various target substrates (e.g., PI, PTFE, PET, Si/ SiO 2 ) coated with Au. For the fabrication of MG-MSCs, interdigital MG microelectrodes were created by utilizing direct ultraviolet laser machining under ambient conditions (Design Comes True, DCT). The laser power and scanning speed were set as ≈1 W and 200 mm s -1 , respectively. To fabricate MG-MSCs, PVA/H 2 SO 4 hydrogel electrolyte or FS/IL ionogel electrolyte was slowly casted onto the surface of MG microelectrodes and solidified for overnight. The hydrogel electrolyte was prepared by mixing 6 g of PVA and 6 g of sulfuric acid (H 2 SO 4 ) into 60 mL of deionized (DI) water, and heated at 80 °C for 3 h under stirring. The ionogel electrolyte was prepared by mixing fumed silica nanopowder (particle size of 7-40 nm) with ionic liquid (EMI TFSI) with weight ratio of 0.01 g/1 g, and then the mixture was stirred for 10 h under an Ar atmosphere to produce a clear viscous ionogel (named as FS/IL).

Fabrication of MG-PANI MSCs: PANI was electrochemically deposited on the MG films transferred on target substrates. For the deposition, the MG film was used as the working electrode in a three-electrode configuration that was constructed with a Pt plate as counter electrode and Ag/AgCl as reference electrode. The electrolyte was mixture of H 2 SO 4 (0.5 m) and aniline (0.05 m) in H 2 O. The electropolymerization of aniline on the MG film was performed at a constant potential of 0.75 V versus reference electrode for various durations. As-fabricated MG-PANI films were rinsed in DI water for several times and dried in a vacuum oven at room temperature. MG-PANI MSCs were fabricated by sequentially performing DLW of MG-PANI films and electrolyte casting following the same procedures as described above.

Characterizations and Electrochemical Evaluations: Material characterizations were performed by SEM (JEOL-6700F, Japan), AFM (Veeco Nanoscope Icon, US), Raman (Renishaw, 532 nm laser, UK), XPS (Thermo ESCALAB 250, US) with Al Kα radiation (hv = 1486.6 eV), and contact angle measurement (Dataphysics, OCA20, Germany). The electrochemical properties were examined by CV, galvanostatic charge and discharge, and EIS recorded in the frequency range of 0.1 Hz-100 kHz with a 5 mV AC amplitude, on a PARSTAT MC electrochemical workstation (AMETEK, US). An AC line filtering circuit was composed of four diodes (1N4007), a resistor, and MG-MSCs made on PI substrate. The output signal was measured using an oscilloscope (Tektronix, TDS2012C).

High-performance yet

  flexible micro-supercapacitors (MSCs) hold great promise as miniaturized power sources for increasing demand of integrated electronic devices. Herein, this study demonstrates a scalable fabrication of multilayered graphene-based MSCs (MG-MSCs), by direct laser writing (DLW) of stacked graphene films made from industry-scale chemical vapor deposition (CVD). Combining the dry transfer of multilayered CVD graphene films, DLW allows a highly efficient fabrication of large-areal MSCs with exceptional flexibility, diverse planar geometry, and capability of customerdesigned integration. The MG-MSCs exhibit simultaneously ultrahigh energy density of 23 mWh cm -3 and power density of 1860 W cm -3 in an ionogel electrolyte. Notably, such MG-MSCs demonstrate an outstanding flexible alternating current line-filtering performance in poly(vinyl alcohol) (PVA)/ H 2 SO 4 hydrogel electrolyte, indicated by a phase angle of -76.2° at 120 Hz and a resistance-capacitance constant of 0.54 ms, due to the efficient ion transport coupled with the excellent electric conductance of the planar MG microelectrodes. MG-polyaniline (MG-PANI) hybrid MSCs fabricated by DLW of MG-PANI hybrid films show an optimized capacitance of 3.8 mF cm -2 in PVA/H 2 SO 4 hydrogel electrolyte; an integrated device comprising MG-MSCs line filtering, MG-PANI MSCs, and pressure/gas sensors is demonstrated.

Figure 1 .

 1 Figure 1. Facile electrode design of solid-state flexible MG-MSCs using transferred CVD graphene films. A) Schematic illustrating the fabrication process of solid-state flexible MG-MSCs. B,C) Optical images of micropattern arrays with various geometries on PET substrates. Typical photograph of micropatterns on D) PET and E) more flexible PTFE films. F) Magnified optical image. G) SEM image of a MG channel and H) EDS carbon elemental mapping on Si/SiO 2 /Au.

Figure 2 .

 2 Figure 2. Electrochemical characterizations of MG-MSCs on PET substrates in PVA/H 2 SO 4 hydrogel and FS/IL ionogel electrolytes.CV curves obtained at scan rates of A) 10 V s -1 and B) 500 V s -1 , respectively. C) Plots of discharge current as a function of scan rate. D) Evolution of areal and volumetric capacitances with scan rate. E) Ragone plots of MG-MSCs, compared with commercial LTF batteries, electrolytic capacitors, and carbon based MSCs such as SG-MSCs,[30] MPG-MSCs,[19] and PiCBA MSCs,[31] among others listed in TableS1(Supporting Information). F) Schematic showing the layered geometry of MG microelectrodes suitable for the efficient ion storage and transport.

Figure 3 .

 3 Figure 3. High-frequency response of flexible AC-line filtering devices. A) Nyquist plots of MG-MSCs in PVA/H 2 SO 4 gel electrolyte (black) and FS/IL ionogel electrolyte (red). Inset shows the magnified plots in the high-frequency region. B) Impedance phase angle versus frequency. C) Radar plot of MG-MSCs, compared with Al electrolytic capacitor (AEC) and carbon-based MSCs. D) AC input signal and rectified pulsating DC signal. E) DC output of MG-MSCs. The inset shows that bending the device does not affect the charge storage.

Figure 4 .

 4 Figure 4. Design of flexible, integrated devices. A) Schematic and electrical circuit diagram of an integrated energy harvesting device made on PI. B) Photograph of the integrated energy harvesting/pressure/gas sensors device. C) Ragone plots for MG-PANI MSCs with comparison to reported energy storage devices in PVA/H 2 SO 4 electrolyte. D) Charging curve of the MG-MSCs by tapping the PEG and discharging curves of MG-MSCs and MG-PANI MSCs at the current of 4 µA cm -2 . E) Leakage currents of two MSCs over time. F-H) Response of current upon the detection of pressure (F), walking (G), and exposure to NO 2 and NH 3 (H).
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