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a b s t r a c t

The spark plasma sintering (SPS) is an emerging process for shaping any type of materials (metals, ceramic,

polymers and their composites). The advantage of such a process is to prepare densified ceramic mate

rials in a very short time, while keeping the materials internal porosity. In the present work, we have

used the SPS technique to prepare activated carbonbased electrodes for Electrochemical Double Layer

Capacitor applications (EDLC). Selfsupported 600 and 300 mmthick electrodes were prepared and char

acterized using of Electrochemical Impedance Spectroscopy and galvanostatic cycling in a nonaqueous

1.5 M NEt4BF4 in acetonitrile electrolyte. Electrochemical performance of these sintered electrodes were

found to be in the same range – or even slightly better – than the conventional tapecasted activated

carbon electrodes. Although organic liquid electrolyte was used to characterize the electrochemical per

formance of the sintered electrodes, these results demonstrate that the SPS technique could be worth of

interest in the ultimate goal of designing solidstate supercapacitors.

1. Introduction

Electrochemical capacitors (ECs), also named as supercapaci

tors, are electrochemical energy storage devices which fill the gap

between batteries and dielectric capacitors because of their capa

bility to deliver high power during few seconds [1–4]. ECs are used

in various applications, most of them needing small capacitance

cells (<100 F), like power buffer or power delivery for short time.

Largecapacitance cells (>100 F) are mainly used in transportation

applications such as tramways, buses or planes [2,4], where they

can nicely complement Liion batteries. One of the main interests

of ECs vs batteries is their fast charge rate capability, which is use

ful for energy harvesting. Electrochemical Double Layer Capacitors,

which store the charge through the reversible adsorption of ions

from the electrolyte at high surface area carbons, are constituted

by two symmetrical electrodes separated by a porous separator

soaked with a liquid electrolyte. Electrodes are usually prepared

following a wet route, by casting a mixture of active material (high

surface area carbon) with an electronic conductor (Carbon Black)

and a binder (PVDF or PTFE for instance) onto a current collector

foil or grid (Al). Although this process is welladapted for manufac

turing large capacitance devices, it could be interesting to propose

alternative processing routes for small devices, dedicated to power

electronics applications. For instance, using a high temperature sin
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tering process to prepare an all solidstate supercapacitor would

allow their direct integration onto a Printed Circuit Board sub

strate (PCB) by being compatible with the solder reflow process

[5]. Additionally, high surface area sintered carbon electrodes may

offer a lower resistivity by improving the contacts between the car

bon grains, which would have a positive impact onto the power

capability of the EDLC.

Conventional sintering processes consist in a thermal treatment

of powders at high temperature and pressure for finally obtain

ing the densified material (ceramic). Because EDLCs electrodes

use high surface area porous carbon powders as active material,

this process would led to the destruction of the porous structure

of the carbon grains by densification, thus leading to very poor

capacitive behavior. Recently, a new sintering technique was pro

posed for batteries and dielectrics materials synthesis: the spark

plasma sintering (SPS). SPS is a flash, short time, sintering tech

nique [6,7] that allows shaping various materials from powders

(metals and alloys, ceramic, polymers and their composites) [8–13].

The advantage of this technique is to obtain in a very short time

highlydensified materials from powders with controlled grain

growth, without any change of chemical composition or poros

ity, thus confering to these materials unusual properties [14]. For

batteries, in particular for lithiumion batteries, it was recently

demonstrated that the densification of the solid LIPON electrolyte

significantly increased its ionic conductivity [15,16]. Following this

work, successful attempts have been reported to prepare all solid

state Liion battery for high temperature applications [17]. For

dielectric capacitors, materials with outstanding permittivity val
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Fig. 1. Schematic drawing of SPS die.

ues were prepared by controlling the flash sintering parameters

[18,19].

This paper reports the first results of the use of the SPS

technique in the ultimate goal of preparing a solidstate EDLC.

We focus here on the selfsupported sintered electrode prepa

ration from high surface area carbon powder. Activated carbon

powders have been processed into sintered plates and the struc

tural and electrochemical properties of these electrodes are

reported.

2. Experimental

2.1. Preparation of active material films and sintering process

The sintered electrodes were made using a twostep process:

(i) Following the conventional formulation of active materials

previously described [20], activated carbon powder (Arkema

Company) and PolyTetraFluoroEthylene (PTFE) binder in sus

pension in aqueous electrolyte (Dupont de Nemours) were

mixed together. Ethanol was then added to the solution under

vigorous magnetic stirring, and the solvent was evaporated

by heating at 80 ◦C. The ink obtained was processed into

films of various thicknesses by canlendering (between 300 and

600 mm).

(ii) The second step is the active material film sintering under

dynamic vacuum (0.05 mBar) to prepare the selfsupported

solidstate electrodes. All samples were sintered using a Dr

Sinter 2080 SPS apparatus (SPS Syntex Inc., Tokyo, Japan) at

the PNF2 – CNRS platform in Toulouse. Active material films

previously prepared were cut into disks of 16 mm diameter

and placed into a 15mm inner diameter carbon cylindrical die

(see Fig. 1). A pulse configuration of 12 pulses (one pulse dura

tion 3.3 ms) followed by 2 periods rest (zero current) (6.6 ms)

of was used to directly heat the die by Joule effect. The tem

perature was monitored and measured using a thermocouple

inserted at the surface of the die through a small hole. A heating

rate of 100 ◦C min−1 was used to reach a final temperature of

1000 ◦C. An uniaxial pressure of 25 MPa was applied for 1 min

as soon as the dwell temperature was reached. The cooling

rate was 100 ◦C min−1. Once the thermal treatment achieved,

the uniaxial pressure was gradually released within 5 min. In

these conditions, during the sintering cycle, the current pass

ing through the die and the voltage reached maximum values

of 1300 A and 4.2 V, respectively.

Four different powder compositions were tested by vary

ing the activated carbon/PTFE ratio (5, 10, 15 and 50 wt% of

PTFE).

Fig. 2. Sketch of the twoelectrode cell stack.

2.2. Gas sorption measurements

Gas sorption isotherm was recorded using an ASAP 2020

Micromeritics equipment using Ar gas at the liquid nitrogen tem

perature. Calculations of the Specific Surface Area (SSA) were

achieved using the Brunauer–Emmet–Teller (BET) equation. Pore

size distributions and mean pore size were calculated using the DFT

and MonteCarlo methods, according to the procedure described by

Dash et al. [21].

2.3. SEM

SEM observations of the various pellets were made using a FEG

SEM (Jeol JSM 6700F).

2.4. Cell assembly

Cells were assembled in a glove box (under Ar 6.0 atmosphere)

with both water and oxygen content lower than 1 ppm. Elec

trodes were prepared by pressing the sintered active material

films on treated Aluminum current collectors [20]. Twoelectrode

stacks were assembled by inserting a 50 mmthick porous poly

meric separator between the two electrodes; two PTFE plates and

two stainless steel clamps were placed to press the stack. The stack

(Fig. 2) was immersed in a 1.5 M NEt4BF4 dried salt dissolved in

acetonitrile (AN, <10 ppm water) electrolyte.

2.5. Electrochemical measurements

Electrochemical Impedance Spectroscopy (EIS) measurements

were done with a PARSTAT 2273 apparatus (Biologic equipment).

A sinusoidal voltage (1V =±10 mV) was applied, for frequencies

ranging from 50 kHz to10 mHz, at a bias voltage of 0 V.

Galvanostatic cycling experiments were performed using a

BT2000 Arbin cycler between 0 and 2.3 V, at various current densi

ties (5 and 50 mA cm−2).

3. Results and discussion

3.1. Spark plasma sintering of the activated carbon – PTFE

(ACPTFE) composite electrodes

In the films, before sintering, the activated carbon particles are

bounded together by the PTFE fibrils, maintaining the grains in

close contact. During the sintering process, the PTFE fibrils are car

bonized and transformed into carbon (pyrolized polymer), while



Fig. 3. Adsorption isotherms of powder and sintered activated carbonPTFE elec

trodes prepared by SPS.

the fluorine are removed through HF gassing. These pyrolized poly

mer chains fibers contribute to the strengthening of the mechanical

properties of the electrodes bring by the flash sintering process.

Selfsupported composite electrodes of 15 mm diameter and

600 mm thick were reproducibly obtained.

After sintering, the porous composite Activated Carbon – PTFE

electrodes were characterized using – gas sorption techniques to

characterize the influence of the sintering process onto the porous

structure of the electrodes.

3.2. Gas sorption measurements

All the adsorption isotherms (Fig. 3) are typical from of micro

porous carbons (type 1), with a plateau associated with the

saturation of the adsorbent, when increasing the pressure.

The calculated Specific Surface Area (SSA), micro and meso

porous volumes as well as mean pore size are listed in Table 1.

The raw activated carbon powder shows a surface area of

2000 m2 g−1, with a mean pore size of 1.1 nm, which was previ

ously found suitable for a use as an active material in EDLC in

the 1.5 M NEt4BF4 electrolyte [22]. From Table 1, it can be seen

that increasing the PTFE content leads to a decrease of the spe

cific area of the ACPTFE composite electrodes. In the same way,

the porous volume (micro and mesoporous) decreases with the

increase of PTFE content, while the percentages of microporous

and mesoporous volumes were kept roughly the same. This can be

explained by the decrease of the high surface area activated carbon

content in the electrode. However, since the pore size distribution

(PSD) is an intrinsic property of the activated carbon, no major

change in the PSD was expected between the various samples,

which is confirmed by the results (see Table 1 and Fig. 4 PSD). The

SPS allowed to prepare selfsupported electrodes from porous acti

vated carbon without affecting the physical properties of the active

material.

3.3. SEM observations

Fig. 5a shows the SEM picture of an activated carbon film pre

pared from the conventional route, with activated carbon particles

bound together with the PTFE binder form. This conventional film

preparation route consists in mixing the activated carbon powder

with 5% PTFE in ethanol to prepare an ink. After slow removal of the

ethanol by heating at 80 ◦C, the obtained paste is calendered onto

a glass substrate to obtain the activated carbon film [21]. Fig. 5b

shows the sintered activated carbon pellet containing 15% of PTFE

binder. The comparison of the two pictures shows the difference

in density of the two electrodes, with the carbon particles densely

packed together for the sintered pellet (6b) and the lowdensity

calendered film. Electrode density has been measured by dividing

the electrode weight by its volume; densities of 0.75 and 0.4 g cm−3

were calculated respectively for the sintered and conventional elec

trodes.

3.4. Electrochemical characterization of thick (600 �m)

electrodes

Galvanostatic cycling experiments were performed at a con

stant current density of ±5 mA cm−2, between 0 and 2.3 V for 10

cycles, to measure the initial capacitance and resistance of the cells

assembled with the sintered electrodes. The results obtained for

the various compositions are reported in Table 2. Capacitance and

resistance values of a cell assembled with 95%AC5%PTFE films

prepared using the conventional wet route – i.e. dispersing the

powders into alcohol solution to form and ink [20,23] and rolling

the paste until formation of a film – are given for comparison

purpose.

For SPSprepared electrodes, the specific capacitance increases

with PTFE addition up to reach a maximum for 15% of PTFE. As

suggested previously, PTFE is thought to improve the mechani

cal properties of the electrodes by bridging the carbon grains with

pyrolyzed PTFE. There is then a minimum content of PTFE needed

to observe an increase of the mechanical properties of the sintered

electrode. On the other hand, PTFE has to be considered as a dead

weight from the capacitance point of view since the contribution of

the pyrolyzed PTFE to the capacitance was found to be negligible.

Accordingly, an increase of the PTFE content beyond an optimum

value would lead to a decrease of the electrode specific capacitance.

Additionally, for high PTFE content, a part of the pores might be

blocked by the carbon deposit.

This is what is typically observed in Table 2. The minimum

content of PTFE seems to be around 15% to exploit the full capaci

tance of the carbon electrode; beyond this value, the capacitance is

decreased since the PTFE dead weight in the electrode is too high

and might hamper the ion accessibility into the pores. The capaci

tance reaches 110 F g−1 for the 15% PTFE sample, which is at least

comparable to the reference (film) electrodes, obtained using the

conventional wet route.

Electrochemical Impedance Spectroscopy (EIS) measurements

were then performed to characterize the frequency behavior of the

cells as well as the contribution of the ionic resistance inside the

porous electrodes to the cell impedance. Fig. 6 shows the Nyquist

Table 1

BET SSA, porous volumes and pore size of the sintered activated carbonPTFE electrodes prepared by SPS.

AC powder AC5%PTFE AC10%PTFE AC15%PTFE AC50%PTFE

BET surface (m2/g) 1990 (±10) 1650 1530 1450 1420

Microporous volume (cm3 g−1) 0.659 (77%) 0.567 (80%) 0.524 (82%) 0.484 (78%) 0.478 (80%)

Mesoporous volume (cm3 g−1) 0.200 (23%) 0.136 (20%) 0.116 (18%) 0.136 (22%) 0.114 (20%)

Mean pore size (nm)a 1.11 1.05 1.02 1.07 1.05

a 85% of pore volume below this size [22]. Accuracy of porous volume is 5%.



Fig. 4. PSDs of AC powder (e) and various CAPTFE composite electrodes (a–d).

Fig. 5. FEGSEM of an activated carbon film (a) obtained using the conventional casting route, and the composite electrodes (b) AC15%PTFE.

Table 2

Carbon specific capacitance and cell series resistance of the cells assembled with film and SPS electrodes.

Composition ACPTFE Electrode thickness (mm) C0 (F/g) ±2.5 R0 @ 1 kHz (� cm2) ±0.01

Film (conventional wet route [20,23]) AC5% 300 105 0.55

SPSprepared electrodes

AC5% 600 76 0.48

AC10% 600 91 0.48

AC15% 600 110 0.47

AC50% 600 79 0.55

plots at a bias voltage of 0 V of the cells assembled using sintered

electrodes (a) and conventional electrodes used as reference (b).

Whatever the PTFE content in the sintered electrodes, all the

samples exhibit the same trend characteristic of a capacitive dou

ble layer behavior [23] as can be seen in Fig. 6a. At highfrequency

(>1 kHz), the imaginary part of the Nyquist plot is null and the

real part of the impedance is call the cell Equivalent Series Resis

tance (ESR). The ESR of the 15% PTFE cell was 0.5 � cm2 (Table 2).

The highfrequency resistance is the sum of the contribution of

the bulk electrolyte resistance as well as the electrical resis

tance of the electrode, the latter containing the contributions

of the carbon resistance, carbon/carbon contact resistance and

the carbon film/current collector resistance. No highfrequency

loop was observed on any Nyquist plot, thus demonstrating that

the carbon film/current collector contact impedance was small

[20].

More interesting, this highfrequency resistance was found to

be in the same range – even slightly lower – than that of the refer

ence cell assembled with rolled films in the same conditions (same

separator and electrolyte) [20,23]. However, in the present work,



Fig. 6. Nyquist plots of SPS cell (a), of standard cell – AC5%PTFE (b). Inset: determination of the ionic resistance of the electrolyte inside the porous carbon 1Rpores .

the thickness of the sintered electrodes is twice than that of rolled

electrodes (600 mm vs 300 mm). Accordingly, the improvement of

the electrical resistance of the electrode is one of the interests of

the SPS technique for designing high power devices.

At very low frequency (<10 mHz), the quasivertical line

observed in Fig. 6 shows the capacitive behavior of the system.

The transition between these two regimes, indicated by a lin

ear Warburglike behavior, originates from the porous network

of the activated carbon [23,24]. This region corresponds to the

penetration of the electrolyte into the porous structure of the

electrode. Once the total capacity of electrode is reached, the imag

inary part sharply increases [23,25]. The difference between the

highfrequency resistance (ESR) and the extrapolation of the low

frequency linear capacitive behavior on the real part axis defines

the electrolyte resistance inside the carbon porous network 1Rpores

(see Fig. 6b).

For cells assembled with sintered electrodes, the ionic resistance

of the electrode 1Rpores is about 4 � cm2 (Fig. 6a), which is very

high when compared to the cell using rolled electrodes (1.5 � cm2,

see Fig. 6b). This higher ionic resistance certainly comes from the

higher thickness of sintered electrodes (600 mm), thus hamper

ing the power capability of the device. Following these results,

thinner sintered electrodes (300 mmthick) were prepared with

the composition showing the best electrochemical performances

(85%AC15%PTFE).

Fig. 7a shows the galvanostatic cycling at ±5 mA cm−2 between

0 and 2.3 V and Fig. 7b shows the Nyquist plot of a twoelectrode

cell assembled with 300 mmthick sintered electrodes.

The cycling behavior (Fig. 7a) was found to be linear within the

voltage window studied, demonstrating the absence of any par

asitic faradic reaction. A capacitance of 95 F g−1 was measured,

which was close to that of the reference conventional electrode

cell (105 F g−1, see Table 1). This is assumed to be linked with the

higher compaction rate observed (88% and 72%, respectively for 300

and 600 mm, respectively). Accordingly, the thinner electrodes offer

an accessible area slightly reduced to the ions of the electrolyte,

resulting in a small capacitance loss (<10%).

The impedance spectroscopy plot (Fig. 7b) shows again a typical

capacitive behavior with the different regions previously described

above. However, the ionic resistance of the cell was measured at

about 3 � cm2, which is less than that of the thicker electrodes is

prepared in the present study. Although this was an expected result

– decreasing the electrode thickness decrease the ionic resistance

– this results is interesting since it demonstrates that consolidate

electrodes can be prepared using the SPS techniques with similar

performance than that of electrodes prepared using the conven

tional route.

Cycling stability of the cell was also checked. Fig. 8 shows the

change of the ESR and capacitance over 10,000 cycles. The capac

itance loss is about 10% during the first 4000 cycles and remains

Fig. 7. Initial performances of 300 mm electrode AC15%PTFE; (a) galvanostatic cycling between 0 and 2.3 V at ±5 mA cm−2 and (b) Nyquist plot of the cell at a bias voltage

of 0 V.



Fig. 8. Relative capacity and ESR changes for the twoelectrode cell assembled with

the 300 mmthick composite electrodes AC15%PTFE sintered electrodes.

constant during the subsequent 5000 cycles. The cell series resis

tance (measured at 20 Hz during cycling) is only increased by 10%

during the first 6000 cycles and then is kept constant at 0.55 � cm2,

which is a value compatible with high power performance expected

from supercapacitor systems.

These results show that the SPS technique can be successfully

used to prepare sintered electrodes with electrochemical perfor

mance close to classical tapecasted or rolled electrodes. This is

really interesting since it opens new paths for designing solidstate

supercapacitors that could be processed in onestep by sandwich

ing a porous insulating ceramic powder like Al2O3 between two

carbon electrodes. This work is currently under progress at the lab.

4. Conclusion

This paper shows the first results of the use of the SPS technique

to prepare sintered porous carbon electrodes, with the final goal to

design a solidstate supercapacitor device.

Selfsupported activated carbon pellets of 15 mm diameter were

prepared by heating directly the samples by Joule effect under

pressure; a heating rate of 100 ◦C min−1 was used to reach a final

temperature of 1000 ◦C under 25 MPa. The porous structure of the

activated carbon pellets was not affected by the flash sintering

treatment and the pore size distribution was kept the same for

the raw activated carbon powder. Electrochemical characteriza

tion of a twoelectrode cell assembled with 300 mmthick sintered

activated carbon pellets have shown a typical capacitive behav

ior in acetonitrilebased electrolyte, with a gravimetric capacitance

of 95 F g−1 and a series resistance 0.5 � cm2. These values were

comparable to the performance of conventional electrodes pre

pared from a mixture of activated carbon and binder. Galvanostatic

cycles showed excellent capacitance retention (−15%) and only 10%

increase in the series resistance, most of the variation occurring

during the first 5000 cycles.

These first electrochemical results clearly demonstrate that the

SPS technique is suitable for preparing supercapacitor electrodes

and this validates the first towards the design of an all solidstate

supercapacitor.
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