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Introduction

The increasing importance of portable and wearable devices incorporating more advanced electronic technologies, as well as the future deployment of wireless sensor networks embedded in our everyday environment has made on-board energy storage a critical issue [1]. In the last decade, the integration of miniaturised electrochemical capacitors (also called supercapacitors) on circuit chips has been the subject of intense research on the account of their excellent chargedischarge rate and long operating life time [2][3][4][5][6][7]. Although ultrahigh-power micro-sized supercapacitors have been reported [8][9][10][11][12][13][14], they still suffer from low energy density that remains far from Li-ion micro-batteries [15][16][17]. A significant improvement of their volumetric/areal energy density is needed for more challenging applications.

Supercapacitors can be divided into two categories, depending on their charge-storage mechanism. The most common devices rely on the capacitive behaviour of high surface area carbon-based materials. The second category relies on the fast and reversible faradaic surface reactions of pseudo-capacitive materials, mainly transition metal oxides. Hydrous forms of ruthenium dioxide (hRuO2) currently represent the state of the art among pseudo-capacitive materials, with the highest reported specific capacitance [18]. Its high cost has limited its development for large-size supercapacitors, but the use of this material becomes relevant and promising for micro-supercapacitors as very little amount of active material is required.

Moreover, the capacitance of hRuO2 can be further increased by deposition onto a nanostructured conductive support with high surface area such as carbon nanotubes [19], graphene [20,21] or porous gold [22].

Carbon nanowalls (CNW), also named vertically oriented graphene sheets, are among the most promising materials in the carbon family. They can be described as three-dimensional networks of vertically standing, interconnected 2-D nanostructures consisting of graphene domains overlapping each other. This graphene-based architecture with vertical wall orientation, sharp edges and open structure is associated with a large surface area (in the range of 100-1500 m 2 g -1 ) [23], good electronic conductivity [24] and excellent chemical stability [25]. These combined properties make carbon nanowalls superior for various electrochemical applications.

Indeed, this nanostructured material has already been adopted in the semiconductor technology, but there have been very few reports for energy storage applications [26,27].

Herein, we demonstrate a new hybrid material based on capacitive CNW decorated with pseudo-capacitive hRuO2. By adjusting the experimental synthesis conditions of the CNW and the electrodepositon parameters of hRuO2, we achieved an outstanding specific capacitance of 1097 mF cm -2 , which is three orders of magnitude higher than state-of-the-art graphene based micro-supercapacitors [11]. Therefore, hRuO2-decorated CNW electrode could be used to fabricate miniaturized energy-storage devices that bridge the massive energy density gap between supercapacitors and batteries, while still retaining extended lifetime and huge power density.

Materials and methods

Fabrication of the composite electrode

An insulating Si3N4 layer (80 nm) was first deposited on a silicon wafer. Current collectors were then deposited using the evaporation of a 40 nm Cr/200 nm Pt layer. The CNW layers growth was carried out by PECVD in a Ar/H2/C2H2 radiofrequency plasma jet [28]. The plasma source operated at 400 W power, and 1400 sccm gas flow rate was used to produce, via a nozzle, a directional argon jet in the deposition chamber. Acetylene (1 sccm) and hydrogen (25 sccm) were injected into this jet through a ring placed downstream the nozzle. The deposition proceeded on the heated substrate (700 o C) placed at 5 cm from the injection ring at a pressure of 1.3 mbar.

Electrodeposition of hydrous ruthenium oxide onto the CNW support was afterwards carried out from an aqueous chloride solution composed of 10 mM RuCl3.xH2O in 10 -1 M KCl / 10 -2 M HCl, and adjusted to pH=2.5 with a 2M KOH aqueous solution. Cyclic voltammetry (CV) between -300 and +950 mV vs. saturated Ag/AgCl at 50 mV s -1 and performed at 50°C for various number of cycles under stirring conditions was used to induce the growth of the hRuO2 deposits.

All samples were annealed under air at 150°C for 1 h.

The PVA-H3PO4-SiWA polymer precursor solution 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. The conductivity of the solid electrolyte was 6.1 mS cm -1 after 24 h (22.2°C -32 % RH).

Material characterization

Scanning electron microscopy (SEM) was performed using a Hitachi S-4800 field-emission electron microscope, and high resolution transmission electron microscopy (HRTEM) using an atomic resolution analytical Jeol JEM-ARM 200F electron microscope operating at 200 kV. Specimens for TEM observations were prepared by extracting CNW/RuO2 film flakes and transferring them on holey carbon grids. The Raman spectrum was recorded at 532 nm laser excitation wavelength, using a Jasco NRS 7200 apparatus. The surface chemical composition of ruthenium oxide was estimated via X-ray Photoelectron Spectroscopy (XPS) using a Thermo Scientific spectrometer operating with a monochromatic AlKα X-ray source (1486.6 eV).

Electrochemical characterization

The electrochemical characterizations were performed with a SP-240 potentiostat from BioLogic. A three-electrode electrochemical cell with a platinum gauze counter-electrode and a saturated Ag/AgCl reference-electrode in de-aerated 0.5 M H2SO4 electrolyte at room temperature was used for the electrode characterization (exposed area 1 cm 2 ), and a twoelectrode cell with a PVA-H3PO4-SiWA solid electrolyte for the device. Electrochemical Impedance Spectroscopy measurements were carried out at open circuit potential in the 100 kHz to 10 mHz frequency range. The accessibility of the electrolyte to the electroactive material has been investigated by calculating the voltammetric charge (q * ) as a function of the sweep rates (v) according to a procedure developed by Trasatti [29,30]. The value of the outer capacitance (Co) has been obtained from the extrapolation of q * to v = ∞ from the plot of q * vs. v -½ , whereas the total capacitance (Ct) has been estimated from the extrapolation of q * to v = 0 from the plot q *-1 vs. v ½ .

Results and discussion

Figure 1a shows the top-view scanning electron microscope (SEM) image of a CNW layer deposited on a silicon wafer (which was precoated with a thin platinum film). The cross-section (inset) shows a 12-μm thick uniform porous film (height of the CNW), with the carbon sheets vertically oriented with respect to the surface of the substrate. It can also be noted that the open spaces between the carbon sheets extend across the layer from the top to the bottom. The porous honeycomb structure consists of interconnected carbon sheets with lengths of 1-2 μm (top view SEM) and thicknesses of 10-50 nm. The graphene-type structure of the CNW is confirmed by Raman spectroscopy (Figure S1) and transmission electron microscopy (TEM) images (Figure S2). With electrodeposition, the CNW were covered in-depth, up to 6-7 µm, with the pseudocapacitive hydrated RuO2 particles (Figure 1b andS3). The particles have sizes in the range of hundreds of nanometers and are agglomerated in a cauliflower morphology (Figure 1b, S3 and S4). The nature of the electrodeposited layer is demonstrated by electron diffraction (inset of Figure S2a) and XPS (Figure S5). The porous structure of CNW and its high flexibility offer not only paths for electrolyte penetration, but also space for the volume expansion of the hRuO2 material without any damage of the connectivity between the grains and the CNW, as represented in the schematic in Figure 1c. An intimate contact between the hRuO2 particles and the CNW is observed in the cross-section SEM micrograph hRuO2/CNW layered structure (Figure 1b). The interface between the two material types, distinguishable by their different morphology, is not actually defined. This was confirmed by high resolution TEM investigations (Figure 1d and S2): the RuO2 nanoparticles with sizes of 1-3 nm lie on the graphene sheets composing the CNW (the amorphous hRuO2 nanoparticles display crystalline characteristic as a result of their transformation upon irradiation by the e-beam of the microscope). Moreover, the hRuO2 particles are distributed evenly, indicating the existence of a large connective area between the carbon wall and the pseudo-capacitive material (Figure S2b). the CNW; black arrows indicate the lattice fringes of the (002) crystallographic planes visible at the CNW-edges (for more information see Figure S2).

The electrochemical performances of the CNW with thicknesses ranging from 900 nm to 12 µm were evaluated using cyclic voltammograms (CV). The specific capacitance of the CNW films increases with increasing thickness, up to 5.7 mF cm -2 for the 12 µm-thick CNW (Figure S6). This value is very close to the value of 18.3 mF cm -2 obtained by A. Achour et al. with titanium nitride/carbon nanotubes electrodes, which is the highest specific capacitance reported for electrodes in micro-supercapacitors [31,32]. Furthermore, high surface area hRuO2 was afterwards synthesized using a 12 µm-thick CNW as a template (Figure S7). To our surprise, this hRuO2/CNW hybrid electrode exhibited an extremely high capacitance of 1094 mF cm -2 when cycled at 2 mV s -1 in sulfuric acid electrolyte (Figure 2a), which is to our knowledge, an unprecedented performance for a microfabricated (Figure 2b) [29]. This value is three orders of magnitude higher than that of the state-of-the-art graphene based micro-supercapacitors (0.3 mF cm -2 electrode capacitance) [11], and far larger than most micro-supercapacitor electrodes based on other advanced materials (Figure 3) [33][34][35][36][37]. Figure S3 shows, for comparison, the morphology of a hRuO2 thin film deposited on a flat gold substrate using the same experimental conditions. Its thickness is identical to the one deposited on CNW. The deposition kinetics does not seem modified by a change of the substrate, with a hRuO2 able to grow on a large surface area. The Co/Ct ratio of the CNW/hRuO2 electrode (81 %) is also very close (and even higher) than the one obtained with hRuO2 deposited on flat gold substrate (71 %, Figure S8), indicating that, irrespective of the substrate differences for these two electrodes, most of the total storable charge is rapidly accessible.

Figure S9 shows the Nyquist plots in sulfuric acid electrolyte for the CNW before and after hRuO2 electrodeposition. For both samples, no leakage current is observed, with a near vertical straight line in the low-frequency region typical of a capacitive behaviour. A negligible equivalent distributed resistance (EDR) and an equivalent series resistance (ESR) of 11.8 Ω cm 2 were estimated from the high frequency part of the spectrum of the hRuO2-free CNW. The ESR slightly decreased to 8 Ω cm 2 when decorated with conductive hRuO2, leading to a maximum specific power of 31.3 cm -2 . Vertically-aligned CNW/hRuO2 electrode has been employed to realize an-all-solid-state micro-supercapacitor in a stack configuration using a silicon wafer as a substrate (Figure 4a). An innovative solid-polymer electrolyte [38], composed of polyvinyl alcohol (PVA), orthophosphoric acid (H3PO4) and silicotungstic acid (SiWA) was used to act as a separator and ionic conductor without leakage issues and very low ESR (Figure 4b). The micro-device exhibits also a very low self-discharge (less than 18 % voltage drop after 10 h, Figure 4c), lower than that of a graphene-based micro-supercapacitor, which is known for good energy retention [4].

To demonstrate the overall performance of the solid-state micro-supercapacitor, a Ragone plot is shown Figure 4d [39][40][41][42][43][44][45]. Remarkably, this solid-state CNW/hRuO2 micro-supercapacitor delivered a specific energy density of 49 µWh cm -2 (i.e. 2 µWh cm -2 µm -1 ), which is higher than recent work reported for micro-supercapacitors [8,12,34,[43][44][45] and comparable to the state-ofthe-art lithium ion micro-batteries [16,[39][40][41][42], but with much higher power and much higher lifetime (up to 2000 cycles of galvanostatic charge/discharge at 1.5 mA cm -2 , Figure 4e and 

Conclusions

The use of vertically-aligned CNW decorated with hRuO2 particles offers an exceptional potential for micro-supercapacitors by patterning such electrode onto silicon wafers with standard microelectronic processes. For the first time, it is showcased that micro-supercapacitors can compete, in term of specific energy, with micro-batteries to power microelectronic devices such as wireless sensor nodes, active radiofrequency identification (RFID) tags and embedded micro-sensors. These applications can be extended to larger devices by scaling up the electrode surface. Further improvements and optimization of the electrodeposition process for the hRuO2 should also allow a substantial increase of the capacitance and energy of the device.
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 1 Figure 1 (a) Scanning electron microscope (SEM) image of a 12 µm-thick CNW film; inset:
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 2 Figure 2 Electrochemical characterization of a CNW/hRuO2 electrode. (a) CV of the 12 µm-

  The value of the outer capacitance (Co), which is related to the more accessible active surface, reaches 1005 mF cm -2 for a total capacitance (Ct) of 1239 mF cm-2 

Figure 3

 3 Figure 3 Comparison of the hybrid CNW/hRuO2 electrode capacitance with the electrode
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 4 Figure 4 Charaterization of a solid-state micro-supercapacitor based on CNW/hRuO2. (a)
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 5 Figure 5 Galvanostatic charge/discharge curves at 1.5 mA cm -2 at different cycles of a
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