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Onion-like carbon (OLC) based micro-supercapacitor electrodes prepared by electrophoretic deposition (EPD) were combined with a eutectic mixture of ionic liquids (IL), producing a micro-supercapacitor which is able to function from -50 °C to 80 °C. This device was electrochemically characterized by cyclic voltammetry and electrochemical impedance spectroscopy at different scan rates and different temperatures. At 20 °C, a capacitance of 1.1 mF.cm -2 per footprint area of device at 200 mV.s -1 within 3.7 V was measured, hence a specific energy of 15 mJ.cm -2 and a specific power of 240 mW.cm -2 . At -50 °C, 76% of the capacitance was maintained at 10 mV.s -1 within 3.7 V. By integrating with IL, this micro-supercapacitor can be potentially used in portable electronic devices that are required to work under temperature extremes.

Introduction

The increasing popularity of portable electronic devices demands development of micro-size power sources which could save space for other electronic components and further decrease the device size. Micro-batteries have been developed for this purpose since the early 1990s [1,2]. Although the use of nanomaterials [3], thin-films [4] or 3D structures [5] allows substantial improvement in the diffusion limitations of these redox-based systems, the power limitation is still a concern for Li-ion batteries. Electrochemical capacitors (supercapacitors) that store energy by adsorption of ions from an electrolyte are good alternative or supplement to batteries in high-power applications. The integration of micro-supercapacitors on a chip is thus an increasing field of research supported by the increasing development of embedded micro-systems.

Portable electronic devices are expected to work at different locations and thus at different temperatures. Additionally, in some applications (aeronautic and aerospace) the electronic systems have to experience fast change in temperature from the ambient on the earth surface (20-40 °C) to very low temperatures (down to -50 °C) at high altitude requiring the micro-power source to be tolerant to large temperature fluctuations. The temperature tolerance of carbon-based microsupercapacitors mostly depends on the choice of the electrolyte, there is thus a key need for designing micro-supercapacitors with a wide temperature range tolerant electrolyte.

Aqueous electrolytes with voltage window less than 1 V have low viscosity thus high power, but the small voltage window limits the energy density (E) by E = ½ CV 2 where C is the cell capacitance and V the cell potential. Additionally, low temperature operation is generally limited to about 0 °C. Acetonitrile (AN) or propylene carbonate (PC) based organic electrolytes exhibit a voltage window of 2.5-3 V. Despite lower ionic conductivity, the high voltage window of nonaqueous electrolytes increases their power and energy performance. However, the operation temperature is limited to -20 to 70 °C for PC or to -40 to 65 °C range for AN based electrolytes.

Room temperature ionic liquids (RTILs), are salts with a melting point below room temperature. Because of the absence of solvent, they are stable over a large range of temperatures (up to more than 300 °C) and such electrolytes show a wide electrochemical voltage window (beyond 4 V) [6]. The main drawbacks of RTILs are i) the melting point which is close to 0 °C in most of the cases, ii) high viscosity, and iii) low ionic conductivity (few mS/cm at room temperature). These features have restricted the use of RTILs in supercapacitors to high temperature applications, typically above 50 °C [6][7][8].

Recently, a eutectic mixture of ionic liquids (ILM) N-methyl-Npropylpiperidiniumbis[fluorosulfonyl]imide (PIP 13 FSI) and N-butyl-Nmethylpyrrolidiniumbis[fluorosulfonyl]imide (PYR 14 FSI) in the 1:1 ratio was reported to show no freezing down to -80 °C. Using exohedral carbons with fully accessible surface area like carbon nanotubes (CNTs), onion like carbon (OLC) or activated graphene, supercapacitors assembled with this PIP 13 FSI:PYR 14 FSI electrolyte mixture were able for the first time to operate within the temperature range, from -50 up to 100 °C [9,10].

On the other hand, an OLC-based on-chip micro-supercapacitor prepared by EPD has shown ultrahigh power delivery in 1 M NEt 4 BF 4 /PC electrolyte [11].

In this paper we report for the first time the use of an IL eutectic mixture combined with OLC for assembling a microsupercapacitor that can work from -50 to 80 °C within a large voltage window (3.7 V at room temperature). Beyond the improved performance, the combination of neat IL mixture and OLC carbons offers important key features such as enhanced flexibility for packaging because of the absence of any solvent (neat ionic liquids), or the possibility of using temperatures as high as 250 °C for micro-supercapacitor processing (like encountered with the flow or reverse flow soldering processes).

Materials and experimental

Electrophoretic deposition

Micro-supercapacitors were prepared using the EPD technique, from a suspension of OLC particles which were produced by annealing detonation nanodiamond powder at 1800 °C. The suspension contained 0.3 wt% of OLC (electrode material), 0.03 wt% of MgCl 2 in a mixture of 95% of ethanol and 5% of water [11]. MgCl 2 in water produces Mg(OH) + cations to charge OLC particles and form a stable suspension.

A well-defined interdigitated pattern of gold current collectors with a footprint area of 0.25 cm 2 and interspace of 150 μm deposited on a Si wafer was used as the electrode for EPD as shown in Fig. 1.a. The pattern size and design were defined according to a previous work from Pech et al. [12].

A layer of OLC of 7 μm in thickness was then deposited between two electrodes with a design of four fingers (two fingers per electrode) as shown in Fig. 1b. The sample was then outgassed under 250 °C overnight to remove the gas trapped in the deposited layer, resulting in a smooth and continuous film. The micro-supercapacitor was then assembled onto a support with wire bonding to facilitate electrochemical characterization.

Electrochemical characterization

Before electrochemical characterization, the sample was kept in vacuum oven at 130 °C overnight to remove water. Electrochemical characterization was carried out under Ar atmosphere (H 2 O and O 2 level lower than 0.1 ppm) with a Biologic VMP2 potentiostat. Electrochemical impedance spectroscopy (EIS) measurements were performed at the rest potential (0 V) from 500 kHz down to 10 mHz with a sinusoidal perturbation potential signal of -/+300 mV. Cyclic voltammograms (CVs) were recorded at -50 °C, -40 °C, 20 °C and 80 °C, at different scan rates within a voltage window of 3.7 V, except at 80 °C (2.8 V).

Results and discussion

Fig. 2 shows the Nyquist plots of the micro-supercapacitor in the PIP 13 FSI:PYR 14 FSI 1:1 IL electrolyte mixture at -50 °C and 20 °C. The Nyquist plot at 20 °C is consistent with a capacitive behavior, with a sharp increase of the imaginary part of the impedance at low frequency. However, a slight deviation from the theoretical 90°vertical line is observed, indicating the presence of a small leakage current, possibly linked with a few micro-short circuits between the electrodes resulting from the deposit of carbon particles in the current collector interspace region. The Nyquist plot at -50 °C shows the presence of a high frequency loop, shifting the capacitive behavior to larger series resistance value. This loop originated from the IL electrolyte mixture decrease in conductivity, linked with the increase of the viscosity [13], thus limiting the ion transfer and mobility.

The inset shows the change of the capacitance calculated from EIS data [14] with the frequency indicating that the capacitance of the micro-supercapacitor in ILM at 20 °C (0.15 mF) is much higher than the one at -50 °C (0.10 mF). At this temperature, the ILM electrolyte turns into a gel with limited ion mobility, thus the maximum capacitance could not be achieved. This absence of saturation of the capacitance at low frequency is assumed to originate from the OLC electrode, where a charge distribution in the inter-particle porosity effect can be observed because of the low conductivity of the electrolyte at -40 and -50 °C. In contrast, at 20 °C, there is a quasi-plateau at low frequency end. The plateau is sloping, showing the presence of a small leakage current as already mentioned; this leakage current prevents from reaching the saturation (full capacitance) of the capacitance at low frequency. The presence of leakage current was identified by cyclic voltammetry at low scan rate (1 mV/s), that shows a sloping behavior (not shown).

These observations support the need for an optimization of the test vehicle (cell geometry) for improving the leakage current by playing with the inter-space distance, electrode thickness and current collector lengths and widths. Such optimization in the cell geometry would also allow decreasing the 300-mV amplitude waveform used for the EIS measurements at the OCV to a more conventional value of 10-20 mV, thus being closer to the equilibrium of the system during the measurements.

CVs were recorded at all temperatures (Fig. 3). At 20 °C, the CV plot shown in Fig. 3a indicates a typical capacitive behavior with a rectangular shape at 200 mV.s -1 within a large voltage window of 3.7 V; this voltage window increase is an important improvement when compared with the literature [11,15,16]. Beyond 3.5 V, the electrolyte oxidation starts to occur as can be seen from increase of the current. Fig. 3b shows the CV plots of the OLC based micro-supercapacitor in ILM at 1 V.s -1 at 20 °C and 80 °C, up to 2.8 V. Ideal capacitive behaviors are presented with a rectangular CV shape at both temperatures. The cell voltage was limited to 2.8 V because of the enhanced electrolyte oxidation on gold current collectors at the elevated temperature.

At low temperatures, -50 °C and -40 °C, the CV plots at 10 mV.s -1 (Fig. 3c) show a rectangular shape up to 3.7 V, thus in line with the decreased oxidation rate of the electrolyte at low temperatures. In previously reported data of a 4 cm 2 cell, the CV was much distorted at -50 °C within the same voltage window even at 1 mV.s -1 with the same electrode material and electrolyte [9]. Still, the combination of a micro-supercapacitors device and IL electrolyte mixture led to an extended operation temperature range of the micro-device.

At 20 °C, a capacitance of 1.1 mF.cm -2 per footprint area of device in ILM at 200 mV.s -1 within 3.7 V was measured, leading to a specific energy of 7.5 mJ.cm -2 and a power density of 240 mW.cm -2 . Both the capacitance and energy density are higher than that in PC-based electrolyte, the latter mainly due to the extended voltage window. The power delivery was not as high as that when using PC-based electrolyte [11] because of the higher ionic resistance of ILM [9]. The footprint area capacitance is in the range of most reported carbon based microsupercapacitors with thickness not exceeding few microns [17][START_REF] Jiang | Proc. 22nd International Conference on MEMS[END_REF][START_REF] Gao | [END_REF]. At -50 °C, a capacitance of 0.84 mF.cm -2 at 10 mV.s -1 was calculated, i.e. 76 % of the 20 °C value.

Volumetric capacitances of the micro-supercapacitor at different scan rates and different temperatures over 2.8 V are compared in Fig. 4. The volumetric capacitance of the micro-supercapacitor decreases with increasing scan rate, since the ohmic drop increases with the scan rate. Temperature plays an important role. The lower the temperature, the faster the capacitance decrease since at low temperature the ionic conductivity of the electrolyte decreases, thus the series resistance of the cell increases. At the same scan rate, the higher the temperature, the higher the capacitance. This is also linked with the increase of the ionic conductivity at high temperature, thus decreasing the cell ESR. 

Conclusions

A micro-supercapacitor working in a wide range of temperatures (from -50 up to 80 °C) has been fabricated via electrophoretic deposition of onion-like-carbon as electrode material combined with a eutectic mixture of ionic liquids as the electrolyte. The prepared micro-devices showed good performance at room temperature with a 1.1 mF.cm -2 capacitance per footprint area of device at 200 mV.s -1 within 3.7 V, hence a specific energy of 15 mJ.cm -2 and a power density of 99 mW.cm -2 . Despite the presence of leakage current, the assembled devices were functional at low (-50 °C) and high (80 °C) temperatures with a moderate decrease in performance. The use of an optimized cell design, by playing with the inter-space distance, electrode thickness and current collector lengths and widths, would be needed for improving the leakage current. Low-temperature performance is better in micro-supercapacitors than its corresponding macroscopic devices using the same electrode material and the same electrolyte. This combination of the OLC based micro-supercapacitor design with the eutectic IL mixture electrolyte can address the micro-scale energy storage for portable devices for safe operation under temperature extremes.
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 1 Fig. 1. a) Schematic picture of on-chip micro-supercapacitor with OLC as electrode material prepared by EPD and b) microscopic picture.
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 23 Fig. 2. Nyquist plot of OLC based micro-supercapacitor in ILM at -50 °C and 20 °C and the change of capacitance calculated from EIS data [14] (inset).
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