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Electrochemical capacitors, also called supercapacitors, store
energy in two closely spaced layers with opposing charges,
and are used to power hybrid electric vehicles, portable elec-
tronic equipment and other devices1. By offering fast charging
and discharging rates, and the ability to sustain millions of
cycles2–5, electrochemical capacitors bridge the gap between
batteries, which offer high energy densities but are slow, and
conventional electrolytic capacitors, which are fast but have
low energy densities. Here, we demonstrate microsupercapaci-
tors with powers per volume that are comparable to electrolytic
capacitors, capacitances that are four orders of magnitude
higher, and energies per volume that are an order of magnitude
higher. We also measured discharge rates of up to 200 V s21,
which is three orders of magnitude higher than conventional
supercapacitors. The microsupercapacitors are produced by
the electrophoretic deposition of a several-micrometre-thick
layer of nanostructured carbon onions6,7 with diameters of
6–7 nm. Integration of these nanoparticles in a microdevice
with a high surface-to-volume ratio, without the use of
organic binders and polymer separators, improves performance
because of the ease with which ions can access the active
material. Increasing the energy density and discharge rates
of supercapacitors will enable them to compete with
batteries and conventional electrolytic capacitors in a number
of applications.

The recent boom in multifunction portable electronic equipment
and the increasing need for wireless sensor networks for the devel-
opment of smart environments has raised the problem of develop-
ing sufficiently compact and/or flexible energy storage. Designing
efficient, miniaturized energy-storage devices that can achieve
high energy delivery or harvesting at high discharge rates with a life-
time that matches or exceeds that of the machine being powered
remains a challenge8. Integrating the storage element as close as
possible to the electronic circuit (directly on a chip) is another chal-
lenge. Because electrochemical energy storage in batteries occurs by
means of volumetric reactions9, the charge discharge rate and
specific power of the best batteries (lithium-ion) are limited by
the rate of solid-state diffusion. Also, the redox reactions and expan-
sion–contraction of the active material limit battery lifetime to just
hundreds or thousands of cycles. These problems can only be par-
tially resolved by using nanostructured materials10,11. The properties
of thin-film batteries, despite their excellent energy per unit volume,
drop dramatically in the microscale range12.

Electrochemical capacitors (ECs) store energy using an accumu-
lation of ions of opposite charge in a double layer at electro-
chemically stable, high specific surface area electrodes. The high
surface-to-volume ratio of the active material leads to the high

energy and power densities of ECs; this is further enhanced
in microsupercapacitors13,14. Porous activated, templated15 and
carbide-derived carbons16, multi- and single-walled carbon
nanotubes17 and multilayer graphene18 have been used as the
electrode materials in supercapacitors. However, very few studies
have been performed using spherical carbon nanoparticles19–21,
which do not have the narrow pores that in activated carbons or
nanotubes may cause the transport of ions to be the rate-controlling
factor limiting the charge/discharge rate. This Letter reports the
electrochemical performance of onion-like carbon (OLC) electrodes
assembled in a microsized device, which was able to cycle at a scan
rate of 200 V s21.

OLCs are quasi-spherical nanoparticles consisting of concentric
graphitic shells22. Although there are many methods by which OLCs
may be produced, the annealing of detonation nanodiamond
powders (Supplementary Fig. S1a–d) is inexpensive and the only
widely used method that allows the synthesis of large amounts of
OLC23. In an ideal case, they could be considered as multishell
giant fullerenes, but real particles have discontinuous and defective
shells when synthesized at temperatures below 1,800 8C (as shown
in Supplementary Fig. S1d) or polygonized shells when higher
temperatures or longer times are used.

Carbon onions offer a moderate specific surface area
(�500 m2 g21; Supplementary Table S1) compared to that of acti-
vated carbons, but this surface is fully accessible to ion adsorption
(Fig. 1a) because there is no porous network inside the particles.
Accordingly, OLCs have demonstrated modest gravimetric capaci-
tance in previous studies, at about one-third that of activated
carbons24. Based on these results, we anticipated that the accessible
external surface area of the carbon onions would be appealing
in the design of thin electrodes for microsystems, where the
limited volume available for device integration onto chips drives
the technology.

OLC particles were produced by annealing nanodiamond
powder at 1,800 8C (Fig. 1b) then deposited from colloidal suspen-
sions using an electrophoretic deposition technique (EPD) onto
interdigital gold current collectors patterned on silicon wafers.
This method allows electrodes to be prepared without the use of
an organic binder (Fig. 1c; see also Supplementary Table S2). An
adherent layer of OLC was obtained on the gold current collectors,
with a well-defined pattern and no short circuit between the electro-
des (Fig. 1d). The microdevice was constructed with 16 interdigital
electrodes with thicknesses of 7 mm (eight electrodes per polarity),
as shown in Fig. 1e.

Cyclic voltammograms (CVs) were recorded at scan rates from
1 to 200 V s21 to test the power capability of the microsystem.
A reproducible and stable capacitive behaviour (up to 10,000
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cycles; Supplementary Fig. S2) was obtained for the microdevice
over a 3 V potential window in a 1 M solution of tetraethylammo-
nium tetrafluoroborate in propylene carbonate, with a linear depen-
dence of the discharge current on the scan rate and low resistive
contributions up to 100 V s21 (Fig. 2). This scan rate is more
than two orders of magnitude higher than any result reported
with alternative devices15,25, including microdevices13,14 and micro-
cavity electrodes26–28. Furthermore, the more interdigital electrodes
per unit area, the more power is extracted from the microdevice.
This is explained by a significant reduction in the mean ionic diffu-
sion path between the two electrodes (Supplementary Fig. S3 and
Table S2).

The specific capacitance of this microdevice was 0.9 mF cm22 at
100 V s21, which is comparable to values reported in the literature
at much lower scan rates (1–100 mV s21) for electrochemical
double-layer microcapacitors (0.4–2 mF cm22)13,14,29. The high
scan rate, representative of a high instantaneous power, is thus con-
comitant with a high specific capacitance, which is explained by the

significant (7 mm) thickness of the active film (Fig. 1). The combi-
nation of carbon onions with a fully accessible surface area, with a
binder-free deposition technique and a micro-interdigital device
design led to this high power/energy performance.

To highlight the effect of the endohedral structure of carbon
onions on cell performance, a 5.0-mm-thick high-surface-area
activated carbon (AC) (1,70021,800 m2 g21, Kuraray Chemical
Co.) was used as the active material in a microdevice made of 16
interdigital electrodes. The deposition technique and the cell assem-
bly were kept the same. Figure 3a,b shows a comparison of the stack
capacitance and energy of microdevices with AC and OLC. Despite
a higher capacitance (9.0 F cm23, compared to 1.3 F cm23 for OLC)
and a capacitive behaviour up to 1 V s21 (Supplementary Fig. S4),
the capacitance of microdevices with AC fell quickly at a higher
scan rate, indicating a severe decrease in the instantaneous power
of AC- relative to OLC-based microdevices because of the limitation
of ion transfer in the inner porous network of the AC. Both micro-
devices exhibited a low equivalent series resistance (ESR;
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Figure 1 | Design of the interdigital microsupercapacitor with OLC electrodes. a, Cross-section of a charged zero-dimensional OLC (grey) capacitor,

consisting of two layers of charges (blue and pink) forming the inner and outer spheres, respectively. b, Transmission electron microscopy image of a carbon

onion produced at 1,800 8C. Lattice spacing between the bent graphitic layers in the onions is close to 0.35 nm. c, Schematic of the microdevice (25 mm2).

Two gold current collectors made of 16 interdigital fingers were deposited by evaporation on an oxidized silicon substrate and patterned using a conventional

photolithography/etching process. Carbon onions (active material) were then deposited by electrophoretic deposition onto the gold current collectors.

d, Optical image of the interdigital fingers with 100-mm spacing. e, Scanning electron microscope image of the cross-section of the carbon onion electrode.

A volumetric power density of 1 kW cm23 was obtained with a deposited layer thickness in the micrometre range, not the nanometre range.
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Figure 2 | Electrochemical characterizations of the microdevices. a, CVs obtained at different scan rates in a 1 M Et4NBF4/anhydrous propylene carbonate

on a 16-interdigital electrochemical microcapacitor with a 7-mm-thick OLC deposit. A typical rectangular shape, as expected for double-layer capacitive

materials, is observed at an ultrahigh scan rate over a 3 V potential window. b, Evolution of the discharge current versus scan rate. A linear dependence is

obtained up to at least 100 V s21 in the capacitive region, indicating an ultrahigh power ability for the microdevices.
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Supplementary Fig. S5), but because the entire outer surface of the
OLC is fully accessible to ion adsorption/desorption, it is character-
ized by an extremely small characteristic relaxation time constant t0
of 26 ms (t0 being the minimum time needed to discharge all the
energy from the device with an efficiency of greater than 50%
(ref. 30); Fig. 3c), which is much lower than that of the AC-based
microdevice (t0¼ 700 ms; Fig. 3d) or OLC-based macroscopic
devices (t0 . 1 s)24. It has been shown theoretically that the positive
curvature causes the normalized capacitance to increase with
decreasing particle size31. Therefore, OLC has the potential for deli-
vering high power and energy as one of the smallest endohedral
particles available.

A comparison of the different energy storage devices designed for
power microelectronics applications (a 500-mAh thin-film lithium
battery, a 25-mF supercapacitor and an electrolytic capacitor of
the same absolute capacitance), tested under the same dynamic con-
ditions, is presented in the Ragone plot of Fig. 4. This shows the
relationship between the volumetric energy density and power
density of the stack (comprising the current collectors, the active
material and the separator) for the energy storage devices tested.
The specific power and specific energy were calculated by integrat-
ing the CVs at different rates (see Supplementary Information for
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Figure 3 | Comparison of microsupercapacitors and other energy storage devices. a, Evolution of the stack capacitance versus scan rate. Carbon onion

microsupercapacitors can sustain very high scan rates, like electrolytic capacitors. The stack capacitance is, however, four orders of magnitude higher than

that of the electrolytic capacitors. b, Evolution of the volumetric energy of different energy-storage devices. c,d, Evolution of the real and imaginary part

(C′ and C′ ′) of the stack capacitance of a 16-interdigital electrochemical microcapacitor based on OLC (c) and AC (d). An extremely low relaxation time

constant t0 (26 ms) was obtained for the OLC, revealing fast accessibility of the ions for electrosorption.
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details). The electrolytic capacitors were able to perform at a very
high scan rate, but had a stack capacitance that was four orders of
magnitude lower than the microdevices, and a specific energy that
was more than one order of magnitude lower. Meanwhile, the
lithium battery and conventional supercapacitors could not
provide the ultrafast discharge rate demonstrated by the micro-
devices. Electrochemical microcapacitors with ACs demonstrate
an energy density of 1 × 1022 Wh cm23 (10 Wh l21 using conven-
tional units). With OLC, a maximum power density is obtained that
is 100 times higher, at close to 1 kW cm23 (1 MW l21). These
therefore represent a new generation of devices, approaching the
power of electrolytic capacitors, but having orders of magnitude
larger energy density. To the best of our knowledge, there are no
other devices available, including state-of-the-art microcapacitors32

that show the same performance characteristics.
This finding addresses the need for microscale energy storage

in numerous areas where electrolytic capacitors cannot provide
sufficient volumetric energy density, such as nomad electronics,
wireless sensor networks, biomedical implants, active radiofre-
quency identification (RFID) tags and embedded microsensors.
These applications can be extended to larger devices by scaling up
the electrode surface and using high-resolution ink-jet, transfer
printing and other high-throughput techniques that are suitable
for mass production. Further improvements in the configuration
of the patterned electrodes (for example, decreasing the space
between the electrodes down to the nanoscale), in the material
properties (for example, decreasing the onion size), the density
and homogeneity of the deposited electrode, and viscosity/
conductivity of electrolytes are expected to allow the design of
high-energy supercapacitors with even higher power and
energy characteristics.
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SUPPLEMENTARY METHODS 

Onion-Like Carbon Synthesis, Modeling and Characterization 
Nanodiamond (ND) soot UD50 (Nanoblox, Inc.) was synthesized by detonation of explosives 
in an oxygen-free environment. Its characteristics have been described elsewhere33. The ND 
particle size is around 5 nm with a specific surface area of 350 m2 g-1 and negligible pore 
volume. UD50 is constituted of diamond cores surrounded by graphitic carbon shells where 
more than 50% is sp2 carbon. ND soot was annealed under high vacuum (10−6 Torr) at 
1800C for 2 h (Solar Atmosphere, PA) to produce carbon onions following the procedure 
described in ref. [34]. We produced carbon onions by annealing nanodiamond in the 
temperature range from 1200 to 2000C. Because the specific surface area, pore size and pore 
size distribution remained nearly the same for samples annealed at different temperatures, but 
the electrical conductivity of the samples increased sharply with temperature, onions prepared 
at 1800°C were selected for device fabrication. Raman analysis and transmission electron 
microscopy (TEM) studies showed particle growth and polygonization above 1800C. 

Molecular Dynamics (MD) simulation of a spherical nanodiamond cluster of 4 nm in 
diameter (5995 carbon atoms) has been performed in NVT ensemble. Simulations were 
performed for 1 ns at 1200°C (the lowest experimentally determined temperature for ND 
transformation to OLC) and for 0.4 ns at 1800°C (the temperature used in our experimental 
study) with time steps of 0.5 fs (at 1200°C) and 0.2 fs (at 1800°C). Shorter time step was 
necessary to use at higher temperature to prevent ejecting extremely hot carbon atoms from 
the ND cluster resulting in MD run error. Brenner reactive empirical bond order REBO 
potential has been used35. The system has been allowed to reach equilibrium geometry at  
300 K for 1 ps and after that the temperature was raised as desired. The atom positions were 
recorded every 1000 (in the case of 1200°C run) or 2000 (in the case of 1800°C run) time 
steps to trace the evolution of the system. The modelling was performed using GULP 3.4 
module in Accelrys Materials Studio 4.4 suite. Formation of carbon onions with some 
imperfections was observed at both temperatures, but the ordering increased with the 
temperature. 

 
Elaboration and Electrochemical Characterization of the Micro-devices 
The micro-devices were elaborated as follows. Silicon dioxide (300 nm) was first thermally 
grown on silicon wafer followed by the evaporation of 100 nm of titanium and 800 nm of 
gold. The current collectors with various geometries (4, 8 and 16 interdigital fingers) on 
which the active material is deposited were formed by conventional photolithography and 
etching of the titanium/gold layer. Active materials (OLC and AC) were then deposited by 
electrophoretic deposition (EPD) onto the patterned current collectors, by using 0.3 wt.% of 
carbon in a 95 % - 5 % ethanol-water solution. In order to stabilize the carbon particles (zeta 
potential +12.2 ± 1.1 mV for OLC) and obtain an adherent layer, 0.03 wt.% of MgCl2 were 
added to the suspension. It has been indeed reported that hydroxyl ions accumulated near the 
electrode react with Mg2+ ions adsorbed on the carbon particles to form magnesium hydroxide 
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Mg(OH)2 which acts as an inorganic binder for the deposited particles36-39. The particle sizes 
(agglomerates in solution) were 0.8 ± 0.9 and 4.2 ± 1.1 μm, for the OLC and AC, 
respectively. A DC voltage of 50 V cm-1 was then applied between the micro-devices and a 
gold electrode. Thickness of the deposited layer was determined using SEM and confocal 
microscopy. The deposition rate was estimated to be around 0.5 μm min-1, and the density of 
both OLC and AC deposit was ~0.5 g cm-3. 

The micro-devices were then filled with a 1M Et4NBF4/anhydrous propylene 
carbonate electrolyte in a glove box under Ar 6.0 atmosphere with H2O and O2 levels less 
than 1 ppm (in order to prevent any early oxidation of the electrolyte). They were placed in 
sealed cells then removed from the glove box to be connected to a Biologic VMP potentiostat 
to perform the electrochemical characterizations in the 2-electrode cell mode. Electrochemical 
impedance spectroscopy (EIS) measurements were carried out at open circuit voltage (OCV) 
by applying a sinusoidal signal of 10 mV amplitude at frequencies ranging from 100 kHz to 
10 mHz.  
 
Specific capacitance calculation 
The cell capacitance (in F cm-2) was calculated using the voltammetric discharge integrated 
from the cyclic voltammogram over the whole potential range (3 V) according to the 
following equation: 
 

(1)   
 
where Q is the charge (in C or A.s), ΔE is the potential window (in V), and S is the total 
surface of the positive and negative conducting electrodes (in cm2).  

The stack capacitance (in F cm-3) was calculated by taking into account only the active 
material, the current collectors and the separator and, for all the devices tested, did not include 
the packaging. In the case of the micro-device, the same procedure has been used: the stack is 
defined from the whole projected surface area Sp (25 mm2) including the gap between the 
electrodes, and taking into account the thicknesses of the current collector and the active 
material. 

The electrochemical performance of all devices reported in the Ragone plot (Figure 4) 
was based on the volume of the stack and measured under the same dynamic conditions from 
cyclic voltammetry (using the same potential scan rate in charge and discharge) according to 
the following conditions.  
For a given scan rate v (V s-1), the discharged power P (W) was calculated by integrating the 
current (I) vs. potential (E) plots (equation (2)): 
 

(2) 
 
The discharged energy W (Wh) was obtained by using equation (3): 
 

(3) 
 
where E is the discharge potential range (3V). 
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SUPPLEMENTARY TABLES 

Average pore size (nm) 6 
Specific surface area (m2 g-1) 520 

Raman ID/IG ratio 1.2 

Electrical conductivity at 298 K (S cm-1) 4 (powder) 
2.5-3.0 (electrode) 

Supplementary Table S1. Selected properties of OLC produced by graphitization of 
nanodiamond at 1800ºC in vacuum24. 
 
 
 
 

Number of 
interdigital electrodes 4 8 16 

Width, w (μm) 1175.0 537.5 218.8
Length, l (mm) 4.5 4.5 4.5 

Interspace, i (μm) 100 100 100 
Total surface S of the  

conducting electrodes (mm2) 21.15 19.35 15.75

Mean path (μm) 176.1 86.3 46.1 
Total surface Sp of the cell (mm2) 25 25 25 

 
 
 
Supplementary Table S2. In order to apprehend the possible role of the micro-scale device 
on the electrochemical properties and particularly on the power, different configurations were 
designed for the elaboration and testing of electrochemical micro-capacitors. The table shows 
the dimensions of the micro-supercapacitors designed with 4, 8 and 16 interdigital electrodes. 
The mean ionic path between 2 opposite electrodes has been deduced from the geometric 
distance between the interdigital fingers using a MatlabTM routine. 
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SUPPLEMENTARY FIGURES 
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Supplementary Figure S1. Onion-like carbon. a-d, Molecular dynamics simulation of 
evolution of diamond into OLC for a nanodiamond crystal of 4 nm in diameter. 0.6 nm thick 
slices through the center of the particle are shown for four different times starting from the 
initial stage (diamond) to the fully formed graphitic onion.  
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Supplementary Figure S2. Evolution of the relative capacitance vs. the number of 
electrochemical cycles at 10 V.s-1 of a carbon onions based micro-supercapacitor made of 16 
interdigital electrodes in a 1M Et4NBF4/ anhydrous propylene carbonate. Co refers to the 
capacitance obtained for the first cycle. The capacitance remains almost unchanged after 
10,000 cycles, confirming the stability of the deposited layers. 
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Supplementary Figure S3. Evolution of the relative capacitance vs. scan rate for micro-
devices made of 4, 8 and 16 interdigital electrodes. The larger number of interdigital 
electrodes, the more power is extracted from the micro-device, stressing the key role of the 
device architecture in the observed breakthrough electrochemical performance. The 
electrolyte resistance decreases with the reduction of the mean ionic diffusion path between 
the electrodes, with no more ion transport limitations. A 5 μm thick layer of activated carbon 
in a micro-device made of 16 interdigital electrodes shows nevertheless a lower performance. 
It clearly demonstrates that the power ability is attributable to the combination of the carbon 
nanomaterial with the micro-device architecture. 
 
 
 

0 1 2 3

-1

0

1

2
C = 11.6 mF cm-2

10 V s-15 V s-1

1 V s-1500 mV s-1

C
ur

re
nt

 (m
A

)

0 1 2 3

-2
-1
0
1
2
3

0 1 2 3
-6

-3

0

3

6

a

Potential (V)

C
ur

re
nt

 (m
A

)

Potential (V)
0 1 2 3

-8

-4

0

4

8

0 2 4 6 8 10
0

2

4

6

D
is

ch
ar

ge
 c

ur
re

nt
 (m

A
)

Scan rate (V s-1)

b

 

Supplementary Figure S4. a, Cyclic voltammograms obtained at different scan rates from a 
16 interdigital micro-supercapacitor based on a 5 μm thick activated carbon in a 1M Et4NBF4/ 
anhydrous propylene carbonate. b, Evolution of the discharge current vs. scan rate. A linear 
dependence is obtained to only 1 V s-1, indicating the important role of the active material. 
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Supplementary Figure S5. Nyquist plots obtained from a 16 interdigital micro-
supercapacitor in a 1M Et4NBF4/ anhydrous propylene carbonate. a, Micro-device based on 
activated carbon. b, Micro-device based on onion-like carbon. Differently from the activated 
carbon-based micro-device, the micro-supercapacitor containing OLC as active material 
shows a pure capacitive behaviour even at high frequencies (>100 Hz) thanks to the full 
accessible surface area offered by the carbon onions (S5b). 
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