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In the last decade, extensive efforts have been devoted to integrated micrometre-sized supercapacitors because of the increasing need for on-board energy supply/storage in wearable micro-electronic devices and embedding wireless sensors networks in our everyday environment. [1][2][3] Compared to micro-batteries, micro-supercapacitors can provide high power delivery and, more importantly, have a much longer operating life time. [4] This comes at the expense of a much lower energy density: until now, micro-supercapacitors have fallen far short of powering a wireless sensor node or any micro-electronic device. Moreover, for on-chip applications, areal density is more important than volumetric density due to the limited area available for integrating components into a system. It is therefore crucial to consider the capacitance and the energy of micro-supercapacitors normalized to their footprint areas. To date, despite their excellent power performances, the reported areal capacitance (i.e. normalized to the surface area) of micrometre-sized electrical double-layer capacitors typically ranges from 0.4 to 16.5 mF cm -2 . [5][6][7][8][9][10][11][12] This capacitance could be increased through the utilization of pseudo-capacitive materials, mainly transition metal oxides. These materials' charge storage mechanism relies on rapid and reversible faradaic surface reactions [13] and offers a means of achieving high energy density at high charge-discharge rate. The most promising pseudo-capacitor material is hydrous ruthenium dioxide (RuO2.xH2O) which exhibits high specific capacitance, high electronic conductivity and long cycle life. [14] While its high cost has limited its development for large supercapacitors, the use of this material becomes relevant and promising for micro-supercapacitors. [15] Considering the size of the device, the amount of active material involved is limited and cost is mainly determined by the fabrication processes and the assembly of the device. Recently, we reported a specific capacitance of 12.8 mF cm -2 for a RuO2-based micro-supercapacitor. [16] Although this capacitance is higher than that obtained with carbonaceous materials, the corresponding areal energy density (0.4 µWh cm -2 ) is still far from that of Li-ion micro-batteries (in the range of mWh cm -2 ). As pseudo-capacitors store their charge in the initial few nanometers from the surface, the performance of microsupercapacitors is limited by the very thin active layer of electrodes. A three-dimensional array of electrode, with high-aspect-ratio, is therefore necessary to allow more active materials to be loaded per unit area. [17] An attractive approach to increasing the capacitance is to deposit the pseudo-capacitive material onto a high surface area structured support. [18][19][20] Capacitances per surface area, exceeding 100 mF cm -2 , were reported for microsupercapacitors using such three-dimensional structures. [21][22][23][24] In this study, we have fabricated a porous gold/RuO2 electrode through a two-step procedure, in which the gold current collectors are sculptured using the hydrogen bubble dynamic template synthesis, [25][26][27] followed by the electrodeposition of the hydrous ruthenium oxide. The resulting electrode exhibits unprecedented high capacitance per surface area, in excess of 3 F cm -2 , andfor the first timean all-solid-state supercapacitor with a specific energy per surface area comparable to that of lithium-ion micro-batteries has been achieved, but with superior power and cycling stability. Such porous gold/ruthenium oxide hybrid structured electrode provides an encouraging alternative for integration of high-performance micro-supercapacitors onto silicon chips, components in which per-area performance is critical.

Macroporous gold electrodes (i.e. with pore diameters greater than 50 nm) were prepared by electrodeposition onto evaporated gold thin films in the presence of hydrogen tetrachloroaurate (HAuCl4.4H2O) acidic solution. At a significant overpotential, vigorous hydrogen bubbling occurs on the surface, disturbing the diffusion layer and the localized current density. This affects the growth morphology and acts as a dynamic template. Scanning electron microscopy (SEM) images, Figure 1a, shows the representative results for porous gold deposits consisting of a honeycomb network with interconnected and cross-linked pores.

The diameter of the largest pores varies between 20 to 40 µm and pore size increases from the bottom to the top of the substrate. The internal wall structure of these larger pores is composed of multi-branched dendrites and nodules, with pores as small as 50 nm. Additional details on the influence of the electrodeposition parameters (initiation and growth times) required to obtain the features outlined in Figure 1 may be found in the Supporting Information (Figures S1 andS2). Figure 1b displays the corresponding steady state cyclic voltammograms (CV) obtained for gold substrate (1 cm 2 geometrical surface) before (black curve) and after electrodepositing the porous gold structure (orange curve). Both CVs exhibit the typical gold electrochemical response in sulphuric acid solution, with a double layer (from -0.2 to 0.5 V vs. SCE) and a gold oxide formation/reduction (from 0.6 to 1.6 V vs. SCE) potential regions. The gold oxide formation only occurs above 1.0 V vs. SCE, suggesting this layer has the electrochemical stability required for the subsequent RuO2 deposition and will provide good mechanical stability at long cycles. In the cathodic sweep, the magnitude of the Au oxide reduction peak, and thus the associated charge, centered at 0.8 V vs. SCE, is significantly higher for the porous Au electrode (92 mC) than the gold thin film (0.55 mC). An electrochemical active surface area (EASA) was determined based on the coulombic charge involved in such reduction process, [28] with reproducible values of 1.5 cm² and 230 cm² for the bare gold and the porous gold deposits, respectively.

Next, electrodeposition of the pseudo-capacitive hydrous ruthenium oxide RuO2.xH2O (Figure S3, Supplementary Information) onto the porous gold electrode was carried out from an aqueous ruthenium chloride RuCl3.xH2O solution by cyclic voltammetry. [29,30] From the SEM images (Figure 2a and Figure S4 in Supplementary Information), we note that the pseudo-capacitive hydrated RuO2.xH2O particles have been electrodeposited all along the nodule morphology of the porous layer, on the entire thickness from the bottom to the top of the substrate. As the gold surface is fully covered by RuO2.xH2O, the surface pore density is smaller and only the open porosity is observed. We then evaluated the electrochemical performances of the electrode made from porous gold current collector covered with RuO2.xH2O particles by using cyclic voltammograms (Figure 2b). In sulphuric acid, the CV of the porous Au/ RuO2.xH2O electrode indicates a roughly rectangular shape, as expected for the electrochemical signature of pseudo-capacitive amorphous RuO2.xH2O, with excellent reversibility. The two quasi-symmetric peaks around 0.4 V vs. SCE originate from progressive change to the oxidation state of ruthenium, and the electrode exhibits an extremely high capacitance of 3,250 mF cm -² when cycled at 0.1 mV s -1 . This represents a rather impressive value delivered by a micro-supercapacitor electrode, as displayed in the-state-of-the-art (see Table S1 in Supplementary Information). This extraordinary capacitance is reflected by a bit lower scan rate ability of the electrode compared with conventional supercapacitors. [31] To complete the study, the accessibility of charges has been investigated by calculating the voltammetric charge (q * ) as a function of the sweep rates (v), as described by Trasatti, [32,33] to identify the outer charge, qouter, related to the more accessible active sites. The value of qouter is obtained from the extrapolation of q * to v = ∞ (Figure 2c), whereas the total charge is estimated from the extrapolation of q * to v = 0 (Figure 2d). From these extrapolations, we obtained a qouter value of 2.64 C cm -2 (3.10 F cm -2 ) for a total charge of 2.95 C cm -2 (3.47 F cm -2 ). Therefore, qouter represents 90 % of the total charge, i.e. most of the full storable charge is rapidly accessible, fulfilling a substantial requirement for a supercapacitor. The gravimetric capacitance of the RuO2.xH2O deposited onto the porous current collector is estimated to be very close to the theoretic value for hydrous Ru oxide. [34] The use of a 3D current collector improves the utilization efficiency of the ruthenium oxide and provides short transport/diffusion path lengths for protons and electrons. The equivalent series resistance (ESR) is also very low (1.83 Ω cm²) with a quasi-negligible high frequency semi-circle, as shown in the Nyqusit plot (Figure S5, Supplementary Information). In the lowfrequency region, a sharp increase of the imaginary portion of the impedance is observed with a nearly-vertical straight line, as is expected for capacitive behaviour with no leakage current.

To assess the performance of this electrode material in a device, we created an-all-solid-state micro-supercapacitor in a stack configuration integrated on a silicon wafer, using a poly (vinyl alcohol)-based electrolyte doped with silicotungstic acid (SiWa). A remarkable cell capacitance of 1,220 mF cm -2 is determined from galvanostatic charge/discharge experiments (Figure 3a) with a very low IR-drop voltage (38 mV at 1.5 mA cm -2 ). The delivered specific energy density estimated from this plot achieves a value of 0.126 mWh cm -2 (7.9 mWh cm -3 ), and the maximum power density of 7.9 mW cm -2 (493.8 mW cm -3 ). These results exceed the best devices in terms of specific power with rather impressive specific energy per surface area (see Table S1 in Supplementary Information). The significant capacitance retention, about 95 % after 2,000 cycles (Figure 3b), indicates the good cycle life stability for the device. This electrochemical stability hints that the morphology of the porous Au/RuO2.xH2O electrode is maintained during repetitive charge/discharge cycling. The structural characteristics of the porous current collectors, synthesized using the hydrogen bubble dynamic template route, provide a mechanical and conductive framework to obtain a durable three-dimensional RuO2.xH2O. The microsupercapacitor also exhibits very low self-discharge, with less than 0.01 V/hour lost after charging (Figure 3c). The performances of the solid-state leakage-free micro-supercapacitor are finally demonstrated in a Ragone plot in comparison with commercial and state-of-the-art micro-batteries as reported in the literature (Figure 3d). [35] This porous Au/RuO2.xH2O device is positioned remarkably well in terms of power density and lifetime compared to other devices, while its energy density is in the upper range of state-of-the-art micro-batteries and in the lower range of commercial Li-thin film batteries. In conclusion, with a cost of active material estimated to be less than 10 cents per mm 2 , this type of electrode material design is very promising for the integration of micro-supercapacitors in wearable electronic devices and self-powered microsystems, in which the key consideration is to minimize footprint occupancy while maximizing the energy. Further improvements in the micro-fabrication (with current collectors patterned in interdigital configurations) and electrodeposition process of the porous gold (like AuCu thin films dealloying) should also easily result in micro-devices with even higher areal energy.

Experimental Section

Electrode and Device Fabrication: A Ti(100 nm)/Au(400 nm) thin film was deposited by evaporation on an oxidized silicon substrate and electrochemically pre-treated by cycling the potential at a scan rate of 100 mV s -1 between -0.3 and 1.7 V vs. SCE in 1 M H2SO4 until a stable voltammogram was obtained. Electrodeposition of the porous gold was then carried out, from an aqueous solution of 2 mM HAuCl4.4H2O in 2 M H2SO4, by applying a potential of -1.5 V vs. SCE for 3 minutes of initiation time, followed by 1 minute at open circuit and 40 minutes of deposition time. Electrodeposition of hydrous ruthenium oxide onto the porous Au was obtained by cycling the electrode between -0.3 and +0.9 V vs. SCE at 50 mV s -1 and 50°C for 300 cycles in a stirring solution containing 5 mM RuCl3.xH2O in 10 -1 M KCl/ 10 -2 M HCl, adjusted to pH = 2.5 with a 2 M KOH aqueous solution. The electrode was then annealed at 150 °C for one hour. Next, the electrodes were used to design a solid-state device in a stacked configuration, separated by a membrane of cellulose nitrate impregnated with electrolyte. The solid polymer electrolyte was prepared by mixing a poly (vinyl alcohol) (PVA, Mw = 31 000-50 000, 87-89% hydrolyzed) solution with phosphoric acid (H3PO4) and SiWa (H4SiW12O40) in a composition of 1.7 wt% PVA, 1.9 wt% H3PO4, 14.4 wt% SiWa and 82 wt% de-ionized water. [36] The conductivity of the solid electrolyte was 6.1 mS cm -1 after 24 h (22.2 °C -32% RH).

Characterizations: The electrochemical characterizations were performed with a SP-240 BioLogic potentiostat. SEM images were obtained using a Hitachi S-4800 field emission electron microscope. The surface chemical composition of ruthenium oxide was estimated via X-ray Photoelectron Spectroscopy (XPS) using a Thermo Scientific spectrometer operating with a monochromatic Al Kα X-ray source (1486.6 eV). 
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