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Abstract— Thanks to their unique properties and potential 
applications in various smart electronic devices, micro-
supercapacitors have been increasingly investigated for on-chip 
energy storage. In this presentation, we describe our most recent 
attempts to increase the areal capacitance and energy of micro-
supercapacitors. We deposited hydrated ruthenium oxide onto a 
highly porous gold current collector to realize a 3D electrode with 
unprecedented performances, fully compatible with current 
micro-fabrication and silicon-based device technology. The 
resulting electrode exhibits a capacitance per surface area in 
excess of 3 F.cm−2, and — for the first time — an all-solid-state 
micro-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. 

Keywords — Micro-Supercapacitors, Pseudo-capacitors, 
Energy Storage, Micro-fabrication, RuO2. 

I.  INTRODUCTION 

 

Energy autonomy keeps being a critical issue in the context 
of off-grid applications, such as autonomous wireless sensor 
networks, mostly being served by primary batteries. One 
solution to obtain a complete energetic autonomy of embedded 
micro-systems is to harvest and store the energy available in 
the environment, such as heat or vibrations [1]. Combining 
with the emerging importance of oxide-based energy storage 
devices such as batteries and supercapacitors in microelectronic 
mechanical system (MEMS) and nomad electronic device 
systems, the search for high performances active material and 
compatible electrode materials has been intensified in recent 
years [2, 3].  

On-chip micro-supercapacitors show very interesting 
characteristics when it comes to these applications, because of 
their extended lifetime and high power density. However, they 
still suffer from a much lower areal energy (energy per 
footprint area) compared with micro-batteries [4]. 

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 
micrometer-sized electrical double-layer capacitors typically 
ranges from 0.4 to 16.5 mF cm−2 [5–8]. 

This capacitance could be increased through the utilization 
of pseudo-capacitive materials, mainly transition metal oxides. 
The charge storage mechanism of these materials consist on 
rapid and reversible faradaic surface reactions [9] and offers a 
means of achieving high energy density at high charge–
discharge rate. Hydrous ruthenium dioxide (RuO2.xH2O) is one 
of the most promising electrode materials for electrochemical 
capacitors because of its high specific capacitance [10, 11], low 
electrical resistivity [12], and fast reaction rate with protons in 
aqueous electrolytes as well as long cycle life [13]. 

While its high cost has limited its development for large 
supercapacitors, the use of this material becomes relevant and 
promising for micro-supercapacitors [14]. When we consider 
the size of the device, the amount of active material involved is 
limited, thus the cost is mainly determined by the fabrication 
processes and the assembly of the device. 

The charge storage mechanism of pseudocapacitors 
involves the initial few nanometers from the surface; the 
performance of micro-supercapacitors is consequently limited 
by the very thin active layer of the electrodes. It is therefore 
necessary to build a 3D array of electrode, with high aspect 
ratio, to allow more active materials to be loaded per unit area 
[15]. An attractive approach to increasing the capacitance is to 
deposit the pseudo-capacitive material onto a high surface area 
structured support [16–18]. Reported capacitances for micro-
supercapacitors electrode per surface area, build on 3D 
structure exceed 100 mF.cm-2 [19–22].  

In this study, through a two-step electrochemical deposit, 
we have fabricated a porous gold/RuO2 electrode. The gold 
current collector is structured using the hydrogen bubble 
dynamic template synthesis [23–25], 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. 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. 
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II. EXPERIMENTAL WORK 

A. Porous gold current collector 
A 4 inches silicon wafer with evaporated Ti (100 nm) and 

Au (300 nm) was used as a substrate. Porous gold current 
collector was prepared by potentiostatic electrodeposition via 
the hydrogen bubbles dynamic template technique during  
20 min from an aqueous solution consisting of 2 mM 
HAuCl4·3H2O in 2M H2SO4. The counter electrode was a 
platinum grid, 2 mm distant from the working electrode. The 
applied electrodeposition potential was -1.5 V vs. a saturated 
calomel electrode (SCE) using a VMP3 potentiostat (Biologic). 
At that potential, hydrogen bubbles arising from the reduction 
of protons occur on the surface of the working electrode, 
disturbing the diffusion layer and the localized current density. 
These bubbles affect the growth morphology and acts as a 
dynamic template for the growth of a porous gold layer [23–
25]. Figure 1 illustrates the major steps involved in the 
formation of the porous gold current collector. 

B. Ruthenium-based electrode 
Ruthenium dioxide is then electrodeposited onto the porous 

gold current collector by performing cyclic voltammetry (0.1 V 
to 0.95 V vs. SCE at 50 mV s-1) from an aqueous solution 
consisting of 5 mM of RuCl3·xH2O (99.9%) and 10-1 M KCl in 
10-2 M HCl solution. The pH of the solution is adjusted with a 
2.5 M KOH aqueous solution in order to have an optimized 
deposition involving both electrochemical and chemical 
reactions. The electrodeposition was performed in a 
thermostatic solution (50˚C) under agitation for 400 cycles) 
and the obtained film was annealed at 150˚C for 1h [26–27]. 

III. RESULTS AND DISCUSSION 

Scanning electron microscopy (SEM) images in Figure 2, 
show the representative morphology for macro porous gold 
deposits consisting of a honeycomb network with 
interconnected and cross linked pores (Figure 2a). The 
diameter of the largest pores varies between 20 and 50 µm and 
pore size increases from bottom to the top of the substrate. The 
internal wall structure of these larger pores is composed of 
multi-branched dendrites and nodules of 100 nm width (Figure 
2b & c), with pores as small as 50 nm.  

Electrochemical characterization has been carried out on 
macroporous gold substrate. Figure 3 displays the 
corresponding steady-state cyclic voltammogram (CV) 
obtained for gold substrate (1 cm2 geometrical surface) before 
(black curve) and after using the hydrogen bubble dynamic 
template for gold synthesis (red curve). The two CVs exhibit 
the typical gold electrochemical response in sulfuric 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. This layer has the electrochemical stability 
required for the subsequent RuO2 deposition as the formation 
of gold oxide only occurs above 1.0 V vs. SCE and thus will 
provide good mechanical stability at long cycles. In the 
cathodic sweep, the magnitude of the Au oxide reduction peak, 
centered at 0.8 V vs. SCE of both CVs has been compared.  
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Figure 2. SEM Characterization of the porous gold current collector,
images at different magnifications showing different levels of pores. 
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Figure 3. Electrochemical characterization of the gold current collector. 
Cyclic voltammogram of the porous Au compared with an Au thin film, in de-
aerated 0.5 M sulfuric acid. The electrochemically active surface area of the 
porous gold coating is almost 300 times larger than the gold thin film. 

Figure 1. Schematic illustration of the experimental procedure that generates porous gold film with open interconnected macroporous walls successfully sculptured
using the hydrogen bubble dynamic template synthesis. 
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The associated charge for the Au macroporous electrode 
(160 mC) is significantly higher than the one obtained for the 
Au thin film (0.54 mC). The coulombic charge involved in 
such reduction process [28], allowed us to determine 
reproducible values of electrochemical active surface area 
(EASA). The EASA of the bare gold and the macroporous gold 
deposits have been evaluated to be 1.4 and 410 cm2, 
respectively. Both electrochemical and scanning electron 
microscopy characterizations underline the significant increase 
of the specific surface area of gold substrate via the hydrogen 
bubble dynamic template synthesis. 

 

Following the macroporous gold structuration, 
electrodeposition of the pseudo-capacitive hydrous ruthenium 
oxide RuO2.xH2O onto the porous gold substrate has been 
carried out. The CVs of deposition has been recorded and 
display a change of the signal of ruthenium dioxide, with an 
increase of the thickness of the layer along the 400 cycles. 
From the SEM images (Figure 4) we note that the pseudo-
capacitive hydrated RuO2.xH2O particles have been 
electrodeposited all along the nodule morphology of the porous 
gold layer, on the entire thickness from the top to the bottom of 
the substrate. The gold structure is fully covered by RuO2.xH2O 
with more dense ruthenium structure on the top of the substrate 

The electrochemical performances of the electrode are then 
evaluated by cyclic voltammograms. In sulfuric acid, the 
theoretical electrochemical signature of pseudo-capacitive 
amorphous RuO2.xH2O is a butterfly-shape with an excellent 
reversibility. In Figure 5a, the CV of macroporous 
gold/RuO2.xH2O electrode shows, as expected, a roughly 
rectangular shape with the two quasi-symmetric peaks around 
0.45 V vs. SCE with the progressive change of the oxidation 
state of ruthenium. This electrode exhibits an extremely high 
capacitance of 3288 mF.cm-2 when cycled at 5 mV.s-1. The 
rather impressive value delivered by this porous electrode 
outperforms the current state-of-the-art of micro-
supercapacitors exhibiting capacitance values ranging from 0.4 
to 100  mF.cm-2 [5–8, 19–22]. 
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Figure 4. SEM characterization of porous Au/RuO2.xH2O electrode. SEM
images of cross section of the electrode obtained after 400 cycles of RuO2

electrodeposition 
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Figure 5. Characterization of the porous Au/RuO2.xH2O electrode. a) Corresponding CV at 5 mV.s-1 in de-aerated 0.5 M sulfuric acid electrolyte. b)
Corresponding EIS Nyquist plot.  c) Determination of the outer capacitance (CO) of the electrode. d) Determination of the total capacitance (C T) of the electrode. 
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The equivalent series resistance (ESR) is also very low  
(1.0 Ω.cm-2) with a quasi-negligible high-frequency semicircle, 
as shown in the Nyquist plot (Figure 5b). In the low-frequency 
region, a sharp increase of the imaginary portion of the 
impedance is observed with a nearly vertical straight line, as it 
is expected for a capacitive behavior with no leakage current. 

To complete the study, the accessibility has been 
investigated by calculating the voltammetric charge (q*) as a 
function of the sweep rate (ʋ), as described by Trassati, [29, 
30], 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 ʋ = ∞ (Figure 5c), whereas the total 
charge is estimated from the extrapolation of q* to ʋ = 0 
(Figure 5d). From these extrapolations, we obtained a qouter 
value of 2.84 C.cm−2 (3.34 F.cm−2) for a total charge of  
3.19 C.cm−2 (3.75 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 use of a structured 3D current collector enhances the 
utilization efficiency of the hydrated ruthenium oxide and 
provides short transport/diffusion path lengths for protons and 
electrons. 

IV. CONCLUSION 

We have combined a dynamic technique of gold synthesis 
called hydrogen dynamic bubble template, with the 
electrodeposition of hydrated ruthenium dioxide to achieve a 
micro-supercapacitor electrode with extremely high 
performances. The porous gold current collector exhibits an 
important electrochemical active surface area of 410 cm2 with a 
macro porous honeycomb-like structure. The efficient 
RuO2.xH2O electrodeposition all along the substrate structure 
allows obtaining a capacitance of 3.3 F.cm-2. 

In conclusion, with a cost of material estimated to be less 
than 60 cents cm−2, this porous Au/RuO2.xH2O electrode is 
positioned remarkably well in terms of specific capacitance 
compared to other device electrodes. 

Another key feature is the possibility offered by this 
structure to be transferred onto an interdigitated electrode 
configuration device. Additionally, resolution can be at first 
fixed at 500 µm and then optimized to reach 100 µm which is 
promising for further development of high performance stand-
alone supercapacitors that can be used is wearable applications, 
in which the key consideration is to minimize footprint 
occupancy while maximizing the energy. 
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