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Abstract 

Research on micro-supercapacitors remains one of the most important activities in the area 

of electrochemical energy storage for powering smart and miniaturized electronic devices. 

Here we design an asymmetric micro-supercapacitor (A-MSC) combining sputtered 

vanadium nitride film (VN) and electrodeposited hydrous ruthenium oxide (hRuO2) film. 

Taking advantage of their complementary electrochemical potential windows in 1M KOH 

electrolyte, the A-MSC achieves a cell voltage up to 1.15 V, associated to high specific 
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capacitance values for the device ( 100 mF cm-2). The energy density of this asymmetric VN 

/ hRuO2 micro-supercapacitor reaches 20 µWh cm−2 at a power density of 3 mW cm−2. Taking 

benefit from the asymmetric configuration, a 5-fold enhancement factor in energy density is 

demonstrated for the VN / hRuO2 asymmetric micro-supercapacitor as compared to 

symmetric VN / VN and hRuO2 / hRuO2 microdevices. 

 

Keywords: asymmetric micro-supercapacitors, electrodeposition, hydrous ruthenium oxide, 
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Introduction  

Electrochemical micro-supercapacitors (MSCs) are recognized as one of the most 

competitive on-chip power sources for powering, among others, smart and connected 

devices as well as the future miniaturized Internet of Things technologies[1]. Micro-

supercapacitors are a particularly intriguing novel class of miniaturized electrochemical 

power sources characterized by a small size, controllable patterning, high power density, 

long cycle life, and large scale on-chip integration capability[2–6]. However, one of the main 

issue to address for next generation MSCs is to increase the energy density without 

sacrificing the corresponding power density[7]. On the one hand, nanoporous carbon based 

MSCs[4,8] are an interesting solution with large cell voltage (~ 3 V) but the surface 

capacitance of those MSCs is limited by the charge storage mechanism within the porous 

electrodes based on adsorption / desorption processes. On the other hand, MSCs based on 

pseudocapacitive electrodes are widely investigated[6,7,9–11] mainly due to higher 

capacitance values but they suffer from lower cell voltage (ΔV ~ 0.6 - 0.8 V). These MSCs 

are composed of two symmetric electrodes meaning that the same material is used on half of 

the electrochemical window stability of each electrode. In that case, the total cell voltage and 

thus, the energy density of the MSCs is then limited. Moving from conventional symmetric to 

hybrid or asymmetric MSCs configuration (A-MSCs) using two different electrode materials 

offer a significant advantage of widened operational voltage window, and can thereby 

significantly enhance the energy density without sacrificing the power performance[12,13]. 

The fabrication of A-MSCs designed with two pseudocapacitive electrodes exhibiting 

complementary potential windows and high capacitance values is a promising solution to 

boost the energy density thanks to the concomitant increase of cell voltage. Numerous 

papers focusing on the fabrication of A-MSCs with pseudocapacitive materials have already 

been published[5,14]. RuO2 and VN are two widely studied pseudocapacitive 

materials[10,15–21] with high capacitance values as “bulk” in aqueous electrolyte (> 1200 

and 1300 F g-1 respectively) and high electronic conductivities (>102 S cm-1) promoting fast 



electron transfer. However, the gravimetric capacitance values must be carefully examined at 

the light of mass loading (in mg cm-2) in the electrodes[22,23]. Owing to its high specific 

capacitance value, hydrous RuO2 was first demonstrated[16] as a pseudocapacitive material 

in acidic electrolyte in 1971. Meanwhile, it was highlighted as an interesting material for 

electrochemical capacitors. Since RuO2 and VN pseudocapacitive materials can be 

deposited as thin or thick films on functional substrates, they attracted attention towards the 

fabrication of miniaturized asymmetric MSCs[1]. 

VN has already been investigated as a negative electrode in symmetric, asymmetric or 

hybrid microdevices[10,20,24] due to its large specific capacitance value, high electrical 

conductivity and wide operation windows. Eustache[24] et al have reported the combined 

use of sputtered VN thin film with electrodeposited nickel oxide film acting as the positive 

electrode in 1M KOH electrolyte. This hybrid microdevice exhibits a large cell voltage, up to 

1.8 V in 1M KOH, a long term cycling ability (10 000 charge / discharge cycles) with 

interesting energy (1.0 μWh cm− 2) and power (40 mW cm− 2) densities. Recently, the 

electrical and electrochemical properties of sputtered vanadium nitride thin films were 

investigated by our group[10,20]. In-depth investigations unveiled the charge storage 

process occurring within sputtered VN films in KOH electrolyte[20]. Symmetric VN / VN 

MSCs were developed and tested in aqueous electrolyte (1M KOH), delivering up to 20 μWh 

cm-2 energy density while keeping high power density (1 mW cm-2) due to large surface 

capacitance value (1.2 F cm-2) but low cell voltage (0.6 V)[20]. To reach this energy density 

value, a 16 µm-thick VN film was proposed as the pseudocapacitive electrode. 

To the best of the authors’ knowledge, there is a limited number of studies focusing on the 

design of asymmetric (micro-)supercapacitors with RuO2 material[14,25]. Here we propose to 

design an asymmetric micro-supercapacitor using thin films deposition methods operating in 

aqueous electrolyte (0.5M H2SO4 and 1M KOH). The two electrodes consist in a positive 

hRuO2 electrode together with a negative sputtered VN film. We propose to take advantage 



of their complementary electrochemical potential windows as well as their high specific 

capacitance values to reach high energy density.  

Vanadium Nitride (VN) and hydrous Ruthenium Oxide (RuO2) are well known 

pseudocapacitive materials but their combining within an asymmetric micro-supercapacitor 

(MSC) was never proposed. The selected deposition methods (low temperature process) are 

compatible with thin film technologies allowing easy scaling-up of the fabrication process of 

miniaturized electrochemical capacitors with good resolution and small size. This 

technological transfer would not be possible if bulk synthesis methods were used to fabricate 

the electrodes. 

Symmetric MSCs based on VN or RuO2 electrodes, i.e. VN / VN or RuO2 / RuO2 MSCs, 

exhibit a cell voltage in the range of 0.6-0.9 V if the capacitance retention parameter is taking 

into account. This value is useless for powering the next generation of miniaturized 

electronics devices. Symmetric MSCs with higher cell voltage based on this 

pseudocapacitive material could be fabricated but with a significant drop of the capacitance 

retention. Our VN / RuO2 A-MSC design achieves a 1.15V cell voltage. 

The challenge proposed in the field of this paper consists in matching the use of VN and 

RuO2 electrodes with the suitable electrolyte, considering not only the surface capacitance 

values but also the capacitance retention parameter. On one hand, RuO2 is a well-known 

electrode material used in acidic aqueous electrolyte. On the other hand, VN exhibits a high 

capacitance value in alkaline aqueous solution. In the proposed study, the VN / RuO2 A-MSC 

configuration is evaluated both in KOH and H2SO4 electrolyte. One major difficulty lies to 

balance the charge between the two electrodes by playing with the thickness of active 

materials and the suitable working potential of the electrode materials. We succeeded quite 

well in solving this issue since our VN / RuO2 A-MSC exhibits an energy density of 20 µWh 

cm−2 at a power density of 3 mW cm−2. A comparison between symmetric (VN / VN and 

hRuO2 / hRuO2) and asymmetric MSC clearly shows a 5-fold enhancement of the energy 



density. This original and promising design opens the way to potentially interesting hRuO2 / 

VN based asymmetric microdevices. 

 

 

Experimental Section 

Preparation of the Si / Si3N4 / Pt substrate: Prior to the electrodeposition of hRuO2, a 

platinum current collector (50 nm-thick) is deposited by atomic layer deposition method 

(ALD) from a TFS200 Beneq ALD reactor on a Si3N4 layer (300 nm-thick). The Si3N4 layer 

acts as a protective layer in order to prevent the etching of the silicon wafer by KOH 

electrolyte during the electrochemical experiments. This later is deposited by low-pressure 

chemical vapor deposition technique (LP CVD) at 800 °C (flow rates: 60 sccm for NH3 and 20 

sccm for SiH2Cl2) on the top of a silicon wafer (deposition pressure = 100 mTorr) using a 

Tempress furnace. 

 

Sputtering deposition of VN films: VN layers are deposited on Si / Si3N4 substrate by 

magnetron sputtering deposition method using a pure metallic vanadium target (99.9%) in an 

Ar / N2 atmosphere. An Alliance Concept DP650 reactor is used to deposit the VN layers. 

The detailed experiment set up for elaboration of VN film was previously reported in 

Refs[10,20]. 

 

Electrodeposition of hRuO2 films: The electrodeposition of hydrous RuO2 is performed on 

Si / Si3N4 / Pt substrate using cyclic voltammetry technique between -0.3 and 0.9 V versus 

Ag/AgCl at 50 mV s−1 from a solution based on RuCl3.xH2O in 10−1 M KCl / 10−2M HCl. Both 

deposition temperature and number of CV cycles are finely tuned to optimize the film 

morphology, structure and thickness. 

 



Morphological and structural analyses: The morphological properties of the hRuO2 

electrode are determined using a Zeiss Ultra 55 scanning electron microscope (SEM). A 9 

kW rotated anode Rigaku Smartlab diffractometer in Bragg-Brentano geometry, delivering Cu 

Kα radiation (λ=1.5418 Å) and a Raman spectrometer with a 471 nm UV laser source are 

used to study the film structure. 

 

Electrochemical characterizations: VN and hRuO2 samples (2 cm × 1 cm) were 

assembled in an electrochemical cell in face-to-face configuration without any separator. A 

well-defined surface of the VN and hRuO2 thin films were in contact with the aqueous 

electrolytes (0.5M H2SO4 and 1M KOH). O-rings were used to seal the electrochemical cell 

and to limit the surface of the tested layers. The surface capacitance (also called areal 

capacitance) measured by cyclic voltammetry or galvanostatic charge / discharge cycling 

techniques was calculated by normalizing the capacitance (in mF) by the tested area 

(footprint area in cm2), thus enabling to provide a real capacitance values in mF.cm−2. The 

specific capacitance (C, mF.cm-2), energy density (E, µWh.cm-2), and power density (P, 

mW.cm-2) were calculated according to the following equations:  

  
    

   
        Eq. 1 

  
      

     
        Eq. 2 

  
 

  
         Eq. 3 

where I is the current (mA), Δt is the discharge time (second), S represents the footprint area 

(0.405 cm2) and ΔV is the cell voltage (V). 

The electrochemical properties of hRuO2 and VN electrodes are measured in a three-

electrode configuration, in two aqueous electrolytes, namely KOH and H2SO4. The thin films 

act as the working electrode (WE), a platinum wire as the counter electrode, while the 

reference electrode is Hg/HgO for testing in KOH solution and Ag/AgCl for the 

electrochemical study in 0.5M H2SO4. Cyclic voltammetry (CV), galvanostatic charge and 



discharge plots and electrochemical impedance spectroscopy (EIS) are carried out on a 

Biologic VMP3 potentiostat / galvanostat equipment. For the EIS experiments, the 

measurements are performed at open circuit voltage between 500 kHz to 10 mHz frequency 

range taking into account a 50 mVrms sine-wave voltage amplitude. 

  



Results and Discussion 

Figure 1 describes the sketch-up of an asymmetric micro-supercapacitor (A-MSC) based on 

VN / hRuO2 electrodes in a parallel plates configuration[1]. Sputtered vanadium nitride is 

used as the negative electrode while the hRuO2 (positive electrode) is electrodeposited from 

a solution based on RuCl3.xH2O in 10−1 M KCl / 10−2M HCl. Both electrodes exhibit a 

pseudocapacitive behavior in H2SO4 and KOH electrolytes[9,16,20,26,27]. Knowing the 

electrochemical properties of both electrodes, if the charge balance is respected within the 

two electrodes (QRuO2 = QVN), the cell voltage of the proposed A-MSC can be extended up to 

1.15 V in 1M KOH and up to 1.35 V in 0.5M H2SO4. To reach this goal with our thin film 

technology (electrodeposition and sputtering deposition methods), it is important to have a 

good overview of the films properties in the two selected electrolytes and to finely adjust the 

thickness of the electrodes, to in fine balancing charges. Hence, in the first part of this paper, 

we investigate independently the properties of hRuO2 and VN electrodes in H2SO4 aqueous 

electrolyte (figure 2), before the study of the assembly which is the subject of the following 

part. 

The electrodeposition process of the hRuO2 layer is firstly studied on Si / Si3N4 / Pt substrate. 

Temperature of the electrolytic solution is known to be an important parameter modifying the 

growth rate of the electrodeposited hRuO2 film. Consequently, we started first to investigate 

the influence of the temperature on the film properties, in a first step at a constant number of 

electrodeposited cycles (200 in the present case). The figure S1a illustrates the scanning 

electron microscope (SEM) image of the hRuO2 electrodeposited on Si / Si3N4 / Pt substrate 

at different temperatures. The cross-section SEM images show that the hRuO2 film consists 

in a dense layer covered by agglomeration of particles forming a porous structure. The 

surface morphology of the deposited hRuO2 films is very rough at 20, 30 and 40 °C, while the 

electrode prepared at 50 °C shows a thicker and smooth morphology. Figure S2b illustrates 

the linear dependence of the thickness with the deposition temperature of hRuO2 film, always 

keeping constant the number of electrodeposition cycles at 200. Noteworthy, when the 



electrodeposition process is achieved at 60 °C, the hRuO2 film does not adhere to the 

substrate. Based on these optimized parameters, the deposition temperature is afterward 

fixed at 50 °C for the following experiments. 

The figure 2a shows the SEM cross section analysis of hRuO2 film deposited at 50 °C taking 

into account an increasing number of deposition cycles, from 100 to 600. The hydrous hRuO2 

film exhibits a compact morphology with a rough surface. The thickness of the hRuO2 film 

increases with the number of electrodeposition cycles (figure 2b) up to ~ 700 nm for 600 

electrodeposition cycles. Additionally, we observe a progressive increase of the current with 

the number of electrodeposition cycles as depicted in the CV plot (figure 2b - inset) 

confirming the increasing of the amount of active material. X-ray diffraction measurements in 

Bragg-Brentano geometry are reported for different thicknesses in figure S1c. After a first 

scan at high resolution (double 220 Ge monochromator) to check that no epitaxy between 

the film and the substrate occured, we decide to use a softer but with more flux Bragg-

Brentano configuration. However, to avoid any saturation of the detector by the extremely 

intense peak of the single crystal silicon substrate, we choose to misalign it by 2°, a sufficient 

value to significantly decrease the non-useful huge peak-intensity of the silicon wafer, but 

allowing to see the other peaks issued from the active materials. Even with this high flux 

configuration, except peaks due to Pt current collector, no diffraction peaks corresponding to 

crystalline anhydrous RuO2 are observed whatever the thickness, indicating that the as-

deposited films are amorphous. The weak peak observed at 2 = 28.33° is assigned to the 

silicon wafer (111). To capitalize structural information on the electrodeposited hRuO2 films, 

a complementary Raman spectroscopy study was carried out since it is also sensitive to 

amorphous compounds. Raman spectra were acquired on the different thicknesses RuO2 

films at room temperature (see figure S1d). Whatever the thickness, three broad bands 

located at about 509, 619, and 681 cm-1 are systematically observed and can be attributed 

[28] to namely Eg, A1g and B2g modes of the hydrous RuO2. 



Then, the electrochemical performance of the hRuO2 thin films with various thicknesses are 

evaluated in 0.5M H2SO4 electrolyte between 0 and 1 V vs Ag/AgCl. Even if this 

pseudocapacitive material was already widely investigated in previous works [9,15–

17,26,29–31], the electrochemical properties of our present samples have to be fully 

characterized in order to carefully design the A-MSC. The CV plots of 4 samples with 

different thicknesses are reported in figure 2c at 2 mV.s-1. The CV shape is similar to that of 

classical pseudocapacitive RuO2 material[13,32] where the pseudocapacitance arises from 

the overlap of several fast reversible redox processes occurring on the selected potential 

range at the surface or near-surface volume of the hRuO2 films. In that case, the change of 

redox state of ruthenium is balanced by the surface insertion / disinsertion of protons from 

the H2SO4 aqueous electrolyte.  

From the CV plots, we extract the evolution of the areal capacitance vs the sweep rate and 

the hRuO2 thickness (figure 2d). Not surprisingly, the surface capacitance increases from 

120 up to 220 mF.cm-2 when the thickness is increased from 300 nm (100 cycles) to 700 nm 

(600 cycles) thus indicating that more surface is available for the 700 nm film despite a 

higher thickness compared to the 300 nm film. These areal capacitances challenges the best  

values reported so far for planar electrodes of micro-supercapacitor [17,33–36].Taking into 

account the potential windows used during the CV measurements (1 V), the corresponding 

areal capacities vary from 120 up to 220 mC.cm-2. As already mentioned, to design an 

efficient asymmetric MSC with larger cell voltage than the symmetric one, it is crucial to 

balance the charge between the two electrodes. For that purpose, the electrochemical 

performance of our sputtered VN electrodes has to be carefully evaluated in 0.5M H2SO4 

electrolyte (see figures 2 and S2). Considering the electrodeposited hRuO2 film as a positive 

electrode (fast reversible redox reactions between 0 and 1 V vs Ag/AgCl), we have to 

evaluate the electrochemical performance of sputtered vanadium nitride films as a negative 

electrode in the same conditions, i.e with a 0.5M H2SO4 aqueous electrolyte. In 2012, Pande 

et al[27] reported the cyclic voltammograms of nanostructured VN particles in 0.5M H2SO4: a 



symmetrical rectangular-shape CV curve is observed between -0.2 and 0.6 V vs SHE. 

Unfortunately, no cycling performance was demonstrated in the ref[27]. In the frame of this 

paper, we measure the electrochemical performance of the VN electrodes between 0 and 

various negative potential limit values (V vs Ag/AgCl) and evaluate the capacitance retention 

and coulombic efficiencies. This preliminary study is mandatory to select the suitable 

electrochemical window from the cycling stability point of view. The performance are 

evaluated with a 2.3 µm-thick VN film and the measurement are carried out between 0 and -

0.35, -0.4 and -0.5 V vs Ag/AgCl respectively. The results are summarized in figure S2a-b. 

When the VN films are cycled on a 0.5 V electrochemical window, the capacitance retention 

and the coulombic efficiency are not practical from a cycling point of view (not shown). 

Moving from 0.5 to 0.4 V allows to maintain a good coulombic efficiency (~ 100 %) and a 

retention of the initial capacitance value close to 80 % during ~ 8000 cycles (figures S2c-d). 

Unfortunately, the capacitance retention severely decreases after 8000 cycles if the VN is 

cycled between 0 and -0.4 V vs Ag/AgCl in 0.5M H2SO4 meaning that the negative limits 

value has to be modified. Hence, we evaluate the VN properties in a restricted 

electrochemical range. In that case, the coulombic efficiency (~100 %) and capacitance 

retention (~ 80-90 %) stay stable up to ~ 25 000 cycles (figures S2c-d). Based on that 

suitable electrochemical windows (-0.35 up to 0 V vs Ag/AgCl), we measure the 

electrochemical performance of various sputtered VN films having different thicknesses (1.7, 

2.3 and 7 µm). Note that the structural analysis of VN films vs the thickness is shown in Fig. 

2e. The VN films (PDF card: 00-035-0768) are polycrystalline and seems to be strongly 

oriented along the [111] direction for thick VN layer up to 7 µm. Except the Bragg peak at 2θ 

= 69° attributed to the Silicon wafer, no additional crystallized phase was identified. The 

intensity of this (400) silicon peak decreases for thicker VN films due to the constant 

penetration depth of the X-Ray beam in the Si / Si3N4 / VN stacked layers. 

The CV curves are shown is figure 2f and the rectangular shape of the CV confirms the 

pseudocapacitive nature of the VN films in 0.5M H2SO4 electrolyte. From the CV plots, we 



extract the areal capacitance values of the VN films which are summarized in figure 2g. As 

expected, the surface capacitance of those VN films (~ 200 mF.cm-2 for 7 µm-thick VN film at 

2 mV.s-1) exhibits values close to that of hRuO2 films (~ 220 mF.cm-2 for 0.7 µm-thick hRuO2 

film at 2 mV.s-1). Nevertheless, we have to keep in mind that we need to balance the charge 

between the two electrodes, not the capacitances. Thus, considering a 0.35 V working 

potential windows, the capacity of 7 µm-thick VN film is approximately 70 mC.cm-2 

corresponding to one third of the capacitance value of the 700 nm-thick hRuO2 film. Since 

the charge storage has to be balanced on both electrode, the thickness of the VN has to be 3 

times higher (3 x 7 µm = 21 µm) which unfortunately cannot be easily reached by sputtering 

deposition methods[20] without delamination issues. Another solution would be to limit the 

capacitance value of hRuO2 electrodes. As a partial conclusion, this approach is not adapted 

for such microdevices prepared by sputtering and electrodeposition techniques owing to the 

low performance of sputtered VN films in 0.5M H2SO4 aqueous electrolyte. This is why the 

as-prepared electrodes were cycled in KOH electrolyte. 

Interestingly, as sputtered VN films[10,20] exhibit also a very high capacitance value in 1M 

KOH, we choose another attractive solution consisting in the design of a VN / hRuO2 

Asymmetric-MSC operating in KOH aqueous electrolyte. Many studies on nanostructured VN 

particles[27,37–40] or sputtered VN films[10,19,20] have demonstrated that it is possible to 

test this pseudocapacitive material either between -1.2 to 0 V vs Hg/HgO or between -1 to -

0.4 V vs Hg/HgO in 1M KOH. Nevertheless, from a cycling stability point of view, the 

electrochemical potential has to be restricted to a potential window between -1 and -0.4 V vs 

Hg/HgO in order to maximize the capacitance retention of the VN material. The 

electrochemical properties of electrodeposited hRuO2 films were rarely studied in KOH 

electrolyte[26]. We thus decide to evaluate the cycling stability of hRuO2 in 1M KOH 

electrolyte from -0.4 V vs Hg/HgO up to more positive potential limits values (0.15, 0.2 and 

0.3 V vs Hg/HgO). The results are shown in figure 3a-c for a 600 nm-thick hRuO2 film (400 

electrodeposited cycles). Whatever the potential window used, the CV plots at 50 mV.s-1 



(figure 3a) correspond to a pseudocapacitive material behavior [12,13,41] with good 

efficiency (~100 %). Moreover, the electrochemical signature of the hRuO2 films is similar to 

what was already reported in the literature [26,42].However, when cycled from -0.4 to 0.3 V 

vs Hg/HgO (operating potential windows = 0.7 V), the CV clearly exhibit an irreversible 

anodic process (oxidation peak) decreasing the capacitance retention of the hRuO2 down to 

40 % after 5 000 cycles (figure 3c) while the coulombic efficiency (figure 3b) stays stable 

(~100 %). Reducing the upper potential limit to 0.2 V vs Hg/HgO (operating potential 

windows = 0.6 V) allows enhancing the capacitance retention to 80 % after 5 000 cycles 

(figure 3c). Finally, shifting from 0.2 to 0.15 V vs Hg/HgO for the upper potential limit (i.e an 

operating potential window of 0.55 V) enables to prevent the anodic irreversible process 

allowing high stability of both coulombic efficiency and capacitance retention values (~100 %) 

even after 24 000 cycles (figure 3b-c) at 50 mV.s-1. Using this optimized window (between -

0.4 V and 0.15 V vs Hg/HgO), we tested different electrodeposited hRuO2 films with various 

thicknesses (300, 450, 600 and 700 nm) in 1M KOH. The corresponding CVs plots of the 

four films at 25 mV s-1 are shown in figure 3d. Again, quasi-rectangular shape CVs 

characteristic of a pseudocapacitive material are observed. The capacitance value is strongly 

enhanced for thicker hRuO2 films and the maximum capacitance value corresponds to the 

thicker hRuO2 layer. The Nyquist plots summarizing the electrochemical impedance 

spectroscopy analyses of the hRuO2 electrodes are reported in figure 3e. From these plots, 

we observe a typical behavior of a pseudocapacitive material with a semicircle at high 

frequency (illustrating the charge transfer process) and a vertical line showing the capacitive 

behavior of the electrodes at low frequency. Not surprisingly, the equivalent series resistance 

(ESR) increases for thicker hRuO2 layers moving from 2.2 to 4.2 Ohm.cm2 when the 

thickness moves from 300 to 700 nm. Figure 3f shows the evolution of the areal capacitance 

versus the sweep rate from 2 to 100 mV s-1 for various hRuO2 thicknesses in 1M KOH. 

Accordingly, at 2 mV s−1, the areal capacitance increases from 85 to 185 mF cm−2 when 

increasing the number of cycles from 100 to 600 (i.e thicknesses from 300 to 700 nm).  



 In the following part of the study, a 700 nm-thick hRuO2 film is proposed as the 

positive electrode for the VN / hRuO2 asymmetric micro-supercapacitor. The surface 

capacitance of the hRuO2 electrode is approximately 185 mF.cm-2 at 2 mV.s-1. Considering 

an operating potential windows of 0.55 V, the charge value of the hRuO2 electrode is ~ 102 

mC.cm-2. Based on our last publications on VN films[10,20]], a 2.3 µm-thick sputtered VN film 

(negative electrode) is necessary to balance the charge stored on the hRuO2 positive 

electrode in such a parallel plate configuration. Indeed, the capacitance value of such 2.3 

µm-thick VN film is ~ 190 mF.cm-2 (operating potential windows = 0.6 V)[20] thus leading to a 

charge of 114 mC.cm-2. The electrochemical characterizations of asymmetric VN / hRuO2 

(cell voltage = 1.15 V) A-MSC are compared in figure 4 to symmetric hRuO2 / hRuO2 (cell 

voltage = 0.55 V) and VN / VN (cell voltage = 0.6 V) MSCs. The Nyquist plots of the 3 

devices are reported in figure 4a: we observe a vertical line at low frequency and a similar 

capacitive behavior for both symmetric and asymmetric MSCs whatever the electrodes. 

Regarding the complementary operating potential windows for VN and hRuO2 electrodes, we 

achieve galvanostatic charge/discharge (GCD) cycling in 1M KOH electrolyte, from -1 V to -

0.4 V and -0.4 to 0.15 V vs Hg/HgO for the VN and hRuO2 films, respectively. In symmetric 

MSC, the cell voltage is restricted to 0.6 V and 0.55 V for the VN / VN and hRuO2 / hRuO2 

devices respectively meaning that the electrodes are cycled only half the cell voltage value. 

The galvanostatic charge / discharge plots of the symmetric and asymmetric micro-

supercapacitors are shown in figure 4b at 3.68 mA.cm-2 (GCD plots at different current 

densities are given figure S3). The charge / discharge profiles of the three micro-

supercapacitors exhibit a triangular shape typically observed for microdevices based on 

capacitive or pseudocapacitive electrodes. Note however that, while the cell voltage of VN / 

VN and hRuO2 / hRuO2 MSCs are close to 0.6 V and 0.55 V respectively, the VN / hRuO2 A-

MSCs can be operated up to 1.15 V. Hence, the energy density of such asymmetric 

microdevices is significantly enhanced. The surface capacitance of the VN / RuO2 MSC is ~ 

108 mF.cm-2. This value challenges the best-reported capacitance by state-of-the-art planar 

asymmetric MSCs [35,43]. Figure 4c shows the Ragone plot of the VN / VN, RuO2 / RuO2 



symmetric MSCs and VN / RuO2 A-MSC as compared to various state of the art micro-

devices. This plot evidences the evolution of the energy density vs the power density 

normalized by the footprint area of the devices and calculated from the discharge curves. 

RuO2 and VN materials were already used as efficient electrodes in micro-supercapacitor 

[10,33,35,43,44]. Direct Laser Writing method was achieved to produce symmetric RuO2 / 

RuO2 MSC on flexible substrate with good energy density (~ 3 µWh.cm-2) [33]. Additionally, 

VN / MnO2 asymmetric MSC operating in SiO2 / LiTFSI water in salt electrolyte was recently 

proposed [43] with interesting energy density but at a low power density. The results that we 

obtained previously [10,44] in our group were also included in the Ragone plot to highlight 

the benefit of the proposed architecture. It can be noted that the thicker electrode used in our 

micro-devices is VN (2.3 µm). The obtained results are significantly better than the results 

obtained for MSCs with graphene / carbon nanotubes [45] or carbon derived carbides 

electrodes [4] mainly due to the use of pseudocapacitive materials in the electrode. It is well 

known that the capacitance of pseudocapacitive materials is higher than that of carbon 

based electrodes [41] owing to the fast redox reaction occurring at the surface or sub-surface 

of the materials. In ref [10], we proposed the fabrication of VN / VN symmetric MSC based on 

interdigitated topology operating in 1M KOH (orange plot). With a cell voltage of 0.6 V, this 

MSC exhibited a maximum areal energy density close to ~ 3 µWh.cm-2. In parallel plate 

configuration [1], VN / VN MSC (black plot) based on 2.3 µm-thick film electrode and tested 

in 1M KOH aqueous electrolyte showed an energy density of ~ 5 µWh.cm-2 while the 

symmetric RuO2 / RuO2 MSC delivered up to 6.5 µWh.cm-2 in the same electrolyte. However, 

this reported areal energy densities are still too low to envision the use of related electrodes 

for practical application to get autonomous smart and connected sensors. One strategy 

consists in increasing the amount of active material, that is to say to deposit thicker 

electrodes [46]. In that context, we previously reported 7 µm-thick and 16 µm-thick VN / VN 

MSC operating in a symmetrical design in 1M KOH (cell voltage ~ 0.6 V) [44]. We showed 

that it was possible to improve the energy density up to ~ 20 µWh.cm-2 at low power density. 

Due to thicker layer, we observed kinetic limitations leading to a decrease of the energy 



density at high rate inducing a limitation of the rate capability of the microdevices [44]. To 

solve this issue, we propose in the present study to use thinner electrodes while increasing 

the cell voltage. This was achieved by designing asymmetric VN / RuO2 microdevice and the 

cell voltage was subsequently enhanced up to 1.15 V. In that case, we observe an increase 

in areal energy density to ~ 20 µWh.cm-2 at low power density (i.e. at ~ 0.5 mW.cm-2). This 

value is at the same level of magnitude than our previous results [44]. Nevertheless, at high 

power density (i.e. at 3 mW.cm-2), the energy density of the VN / RuO2 A-MSC stays close to 

~ 15 µWh.cm-2. This value is two times higher than that of 16 µm-thick VN / VN MSC recently 

reported [44] operating in the same electrolyte but using a limited cell voltage (0.6 V).  

In comparison to the symmetric MSCs, the larger cell voltage of the A-MSC (1.15 V) allows 

maximizing the energy and power density (~ 20 µWh cm−2 and ~ 3 mW cm−2). At 1 mW cm-2, 

the energy density of A-MSCs (~ 20 µWh.cm-2) is 5 times higher than that of either hRuO2 / 

hRuO2 or VN / VN symmetric MSCs, thus validating our approach in the design of 

asymmetric micro-supercapacitors based on RuO2 and VN electrodes. 

  



Conclusion 

In this study, we carefully investigate the electrochemical performance of electrodeposited 

hydrous hRuO2 films and sputtered vanadium nitride (VN) films as efficient electrodes for 

either symmetric or asymmetric micro-supercapacitors operating in 0.5M H2SO4 or 1M KOH 

aqueous electrolytes. We firstly demonstrate that an increase of the hRuO2 areal capacitance 

with the film thickness (i.e. with the number of electrodeposition cycles) in 0.5M H2SO4 allows 

reaching 220 mC.cm-2 (C = 220 mF.cm-2, ∆V = 1 V) for 700 nm-thick hRuO2 film. Sputtered 

VN electrodes show good coulombic efficiency (~ 100 %) and capacitance retention (~ 90 %) 

in 0.5M H2SO4 during 25 000 cycles. Unfortunately, in such electrolyte, we did not find 

suitable electrochemical conditions for cycling sputtered VN (thickness = 7 µm, C = 200 

mF.cm-2, ∆V = 0.35 V, Q = 70 mC.cm-2) to balance the charges between the two electrodes 

and to take benefit from a large cell voltage (1.35 V). In 1M KOH electrolyte, we 

demonstrated that hRuO2 film exhibits a very stable pseudocapacitive behavior with a high 

capacitance retention value (~ 100 %) after 24 000 charge / discharge cycles (operation 

potential windows = 0.55 V). Finally, we combined hRuO2 electrodeposited film with 

sputtered VN one to design an asymmetric micro-supercapacitor operating in 1M KOH 

aqueous electrolyte. The complementary working potential windows of VN and hRuO2 

pseudocapacitive films in 1M KOH significantly enhance the asymmetric device performance 

compared to symmetric ones. On one hand, either VN / VN or hRuO2 / hRuO2 symmetric 

MSCs exhibit a cell voltage of ~ 0.6 V in 1M KOH, reaching an energy density of 

approximately 4 µWh.cm-2 at a power density of 1 mW.cm-2. On the other hand, the VN / 

hRuO2 A-MSC shows a 1.15 V cell voltage and an energy density of ~ 20 µWh cm-2 using a 

power density above> 1 mW cm−2. The asymmetric configuration of this MSC allows thus 

multiplying by a 5-fold factor the energy density of thin films micro-supercapacitors. This 

study gives new perspectives for improving the cell voltage of micro-supercapacitors 

operated in aqueous electrolyte with pseudocapacitive materials exhibiting high capacitance 

values and stable cycling behavior. 
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Fig. 1 | Sketch up of the VN / hRuO2 asymmetric micro-supercapacitor (A-MSC) in face-to-

face topology operating in 0.5M H2SO4 and 1M KOH aqueous electrolytes. 
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Fig. 2 | Properties of the RuO2 and VN thin film electrodes. a. SEM cross section of 

hRuO2 electrodeposited on Si / Si3N4 / Pt substrate vs the number of deposition cycles. b. 

Evolution of the hRuO2 thickness vs the number of electrodeposition cycles. The inset shows 

the CV cycles carried out at 50 mV s-1 & 50 °C between -0.3 and 0.9 V in an electrolytic 

solution based on RuCl3 particles dissolved in 10−1 M KCl / 10−2 M HCl. c-d. Electrochemical 

properties of the RuO2 films in 0.5M H2SO4 for various film thicknesses. e. X-Ray Diffraction 

Analyses of vanadium nitride films (1.7, 2.3 and 7 µm). f-g. Electrochemical performance of 

the VN films (various thicknesses) in 0.5M H2SO4. 
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Fig. 3 | Electrochemical properties of the hRuO2 films in 1M KOH. a. CV plots of the 

hRuO2 films (400 electrodeposition cycles / 600 nm) between -0.4 and 0.15, 0.2 and 0.3 V vs 

Hg/HgO at 50 mV.s-1. b-c. Evolution of the coulombic efficiency and the capacitance 

retention for hRuO2 films (400 electrodeposition cycles / 600 nm) vs the cycle number at 50 

mV.s-1 and the proposed electrochemical windows. d. CV plots of the hRuO2 films with 

different thickness between -0.4 and 0.15 V vs Hg/HgO at 25 mV.s-1. e. Electrochemical 

Impedance Spectroscopy measured in 1M KOH for RuO2 films with various thicknesses. f. 

Evolution of the areal capacitance values versus sweep rate and film thicknesses.  
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Fig. 4 | Electrochemical performance of the symmetric and asymmetric MSC tested in 

1M KOH electrolyte. a. Nyquist plots of the three MSCs (symmetric hRuO2 / hRuO2, VN / VN 

MSC and VN / hRuO2 asymmetric) validating the capacitive behavior of the devices in both 

symmetric and asymmetric configurations. b. Galvanostatic charge and discharge plots of 

the three micro-supercapacitors measured in 1M KOH at 3.68 mA.cm-2: for the A-MSC, the 

thicknesses of the positive (hRuO2) and negative (VN) electrodes have been tuned in order 

to balance the capacity of each electrode in both cases. A 2.3 µm-thick VN film and a 700 

nm-thick hRuO2 (600 cycles) exhibit the same areal capacitance and the same 

electrochemical windows (~ 0.6 V), thus storing the same charge on each electrode. c. 

Ragone plot of the hRuO2 / hRuO2, VN / VN and VN / hRuO2 microdevices tested in 1M KOH 

as compared to stat of the art micro-devices [4,10,33,44,45] and demonstrating the gain 

measured with the asymmetric configuration.  
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Fig. S1 | a. SEM cross-section analysis of electrodeposited hRuO2 films vs the temperature. 

b. Evolution of the film thickness vs the temperature. Structural analyses of various hRuO2 

films using c. X-Ray Diffraction technique and d. Raman spectroscopy method.  
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Fig. S2 | Electrochemical performance of the VN film in 0.5M H2SO4. a. CV plots of 2.3 

µm-thick VN film tested between 0 and - 0.35 V, - 0.4 and -0.5 V vs Ag/AgCl respectively (1st 

cycle). b. CV plots of 2.3 µm-thick VN film tested between 0 and - 0.35 V, - 0.4 and -0.5 V vs 

Ag/AgCl respectively (1000th cycle). c-d. Evolution of the capacitance retention and 

coulombic efficiency of the VN film in 0.5 M H2SO4 at 50 mV.s-1. 
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Fig. S3 | Galvanostatic Charge and Discharge plots of the VN / hRuO2 A-MSC in 1M 

KOH at different current densities.  
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