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ABSTRACT Continuous, smooth, visibly defect-free, lithographically patterned activated carbon ﬁlms

(ACFs) are prepared on the surface of silicon wafers. Depending on the synthesis conditions, porous ACFs
can either remain attached to the initial substrate or be separated and transferred to another dense or
porous substrate of interest. Tuning the activation conditions allows one to change the surface area and porosity of the produced carbon ﬁlms. Here we
utilize the developed thin ACF technology to produce prototypes of functional electrical double-layer capacitor devices. The synthesized thin carbon ﬁlm
electrodes demonstrated very high capacitance in excess of 510 F g1 (>390 F cm3) at a slow cyclic voltammetry scan rate of 1 mV s1 and in excess of
325 F g1 (>250 F cm3) in chargedischarge tests at an ultrahigh current density of 45 000 mA g1. Good stability was demonstrated after 10 000
galvanostatic chargedischarge cycles. The high values of the speciﬁc and volumetric capacitances of the selected ACF electrodes as well as the capacity
retention at high current densities demonstrated great potential of the proposed technology for the fabrication of various on-chip devices, such as microelectrochemical capacitors.
KEYWORDS: electrodes . on-chip . supercapacitors . ultracapacitors . double layer

T

he development of miniaturized
electronic devices, such as microelectromechanical systems, sensors,
microrobots, and implantable medical devices has increased the demand for new
materials processable to lithographically
patternable thin ﬁlms. Conventional techniques commonly utilized for semiconductor
thin ﬁlm processing, such as chemical and
physical vapor deposition (CVD and PVD),
atomic layer deposition (ALD), and sputtering, produce materials with no internal
porosity. Conductive porous high surface
area materials, however, are highly desired
for applications in sensors1 and micropower
energy storage devices, which can be integrated on the same semiconductor chips.2
Several promising approaches have been
explored to address this demand.
CVD deposition of carbon nanotubes
(CNTs),3,4 graphene,5 and metal nanowires6
allow for the formation of conductive electrodes with pores in the range 20500 nm.
Patterned electrodeposition of metals and
polymers,7,8 selective etching of certain
metals from metal alloys,9 electrophoretic
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deposition of CNTs,10,11 carbon onions,12
and other nanoparticles,13,14 layer-by-layer
deposition of nanoparticles,15,16 inkjet
printing,17 and the use of tobacco viruses
as electroless deposition templates18 oﬀer
interesting routes for the formation of porous ﬁlms with pores in the range 5200 nm.
Some of these methods, however, suﬀer from
high equipment cost, slow deposition rate,
undesirably very high roughness of the produced ﬁlms, and relatively broad pore size
distribution.
In contrast, formation of patterned defectfree electrically conductive ﬁlms with high
surface area and pores in the 0.55 nm range
has received very limited attention. Such
materials, however, could oﬀer new capabilities to a variety of on-chip devices, including
various sensors, analytical tools, and energy
storage devices. For example, by substituting
powder-ﬁlled macroscopic columns in gas,
column, and liquid chromatographies with
defect-free strips of microporous media
(hermetically sealed on the sides), it may
oﬀer revolutionary improvements in the detection limit and the resolution of on-chip
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RESULTS AND DISCUSSION
Well-developed fabrication routes of activated carbon (AC) powders allow high surface area and tunable
pore size distribution and surface chemistry to be
achieved.19,20,30,31 Many of these routes, however, are
not easily applicable for synthesis of thin activated
carbon ﬁlms (ACFs). Several challenges need to be
overcome. First, upon heating and carbonization, the
majority of polymers shrink. This leads to the formation
of cracks in the carbon ﬁlm (Figure S1a, Supporting
Information) in the case when the adhesion between
the ﬁlm and the substrate is relatively stronger, or,
alternatively, delaminating and forming rolls of porous
carbon ﬁlm (Figure S1b,c) in the case when the adhesion
is relatively weaker. Second, even if a polymer does not
shrink during carbonization, the interface between the
polymer and the substrate must be suﬃciently strong to
survive stresses occurring during the synthesis. Some of
such stresses are caused by cooling from carbonization
or activation temperatures due to the diﬀerence in the
thermal expansion coeﬃcients between the ﬁlm and the
substrate. Other stresses can be caused by the capillary
action of the solvent evaporating during a photoresist
removal, a critical step involved in the application of the
standard photolithographical technique.
We have discovered that catalyst-assisted lowtemperature carbonization of an organic compound
solution is an eﬀective way to minimize some of the
interface stresses described above. We further identiﬁed
sucrose solution to be a well-suited carbon precursor for
our project, and extensive acid-assisted cleaning and
hydroxylating the wafer surface in a piranha solution was
found to be a necessary step for achieving the high
interface quality and continuous ﬁlm formation. The
precursor solution composed of sucrose and sulfuric acid
(H2SO4) catalyst in deionized (DI) water was spin-casted
on a silicon (Si) wafer, having an insulative silicon dioxide
(SiO2) layer on the surface, and dried at room temperature. By changing the solution viscosity (water content)
and rotational speed of the coater, ﬁlm thickness could
be controlled (Figure S2). Alternatively, ﬁlm thickness
can be increased by the repetition of the coating/
drying procedures multiple times. The ﬁnal steps of
continuous porous carbon ﬁlm formation (Figure 1)
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chromatographic devices by adding the molecular
sieving eﬀect.19 In addition, by eliminating macropores
and thus forcing the molecular diﬀusion though the
micro- and mesopores only, a dramatic enhancement
of the transport rate diﬀerences may be expected.20
Other types of sensors are based on the changes in
the electrical conductivities, mechanical properties, or
electrochemical response of a porous (often conductive) electrode upon analyte adsorption on (or
reaction with) the active sensor surface.4,21,22 When
such sensors are based on meso- or macroporous high
surface area electrodes, the use of these analytical
techniques commonly suﬀers from limited speciﬁcity
of the response. However, by oﬀering an additional
ability to further distinguish the molecules of interest,
such as sieving the molecules transported to the
sensor electrode by a molecular sieving layer or by
adding the sieving capability to the sensor electrode
itself, the degree of nonspeciﬁcity will be dramatically
reduced. Finally, the majority of on-chip devices require
energy storage systems to power them. Compared with
microbatteries, carbon-based microelectrical double
layer capacitors (micro-EDLCs) may oﬀer several advantages, such as long cycle lifetime, broad temperature
range of operation, and higher power density. The low
power density of microbatteries is often insuﬃcient
for many important applications.12,16,17,2328 While
nonporous carbon nanoparticle-based micro-EDLCs
oﬀer very high rate capabilities,12 they exhibit limited
volumetric energy storage and often poor uniformity of
the electrodes.
In spite of the many promising attributes of the
microporous carbon ﬁlm technology, there are
currently no reports on the successful fabrication
of patterned microporous carbon ﬁlms. Two recent
studies reported formation of micrometer-thick ﬁlms
of microporous titanium carbide derived carbon (CDC)
on ceramic and glassy carbon substrates, showed
schematics of possible microfabrication routes,23,29
but so far failed to demonstrate them. Formation of
cracks and defects within CDC and poor adhesion to
the substrates could be among the challenges faced by
the researchers. Other limitations of the CDC technology include high equipment cost and slow fabrication
process in combination with the need to use a highly
corrosive chlorine gas (Cl2).
Here we report for the ﬁrst time a simple, low-cost
technology to produce continuous, smooth, visibly
defect-free, lithographically patterned micro/mesoporous
carbon ﬁlms. We utilized a natural low-cost organic
compound, sucrose, as a carbon precursor. Tuning
the activation conditions allows one to change
the surface area and porosity of the produced
carbon ﬁlm. In our proof-of-concept studies, we
utilized the developed porous carbon thin ﬁlm
technology to produce prototypes of functional
EDLC devices.

Figure 1. Optical images of the silicon wafer before and
after coating with a porous activated carbon ﬁlm.
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Figure 3. ACF redeposited on various substrates. Optical
images of ACF on (a) a glass rod and (b) an alumina
membrane. (c, d) SEM micrographs of the cleaved membrane based on ACF deposited onto anodic alumina.
Figure 2. Cross-section SEM micrographs of the silicon
wafers coated with carbon ﬁlms after 700 °C carbonization
(a) without following activation and with physical activation
in CO2 at 900 °C for (b) 15 min, (c) 1 h, and (d) 2 h.

include annealing at elevated temperatures to remove
decomposition products of the carbohydrate and catalyst (such as H2SO4) residues, followed by activation.
We utilized a simple physical activation process for
our proof-of-concept studies, which involved annealing
the produced samples at 900 °C in carbon dioxide (CO2)
to induce interconnected open porosity within carbon
(Figure 2).
Before and after physical activation the sucrosederived porous carbon ﬁlms on the wafers were continuous and very uniform, with no microcracks present
(Figures 1 and 2). With the activation time increasing
from 15 min to 2 h, the thickness of the activated
carbon ﬁlms decreased from ∼1.8 μm to ∼1.5 μm. This
can be related to both a compaction of the carbon ﬁlm
and a surface oxidation, a known drawback of physical
activation procedures, which preferentially oxidize
carbon at the surface, where higher concentration of
an oxidant (such as CO2) is present.
The produced ACFs can be separated from the
substrate after prolonged soaking in solvents, such as
acetone. Even being only 12 μm thick, they retain
mechanical integrity and can be bent to a signiﬁcant
degree without failure. This ﬁlm can also be cut or torn,
transferred, and redeposited on a variety of substrates,
including tubular (Figure 3a) or porous planar structures, such as alumina membrane (Figure 3bd). In
the latter case it may be used to create a thin and
defect-free molecular sieve layer on a rigid, low-ﬂow
resistance ceramic support, another highly desirable
process for industry technology.32 To the best of our
knowledge, we are the ﬁrst to report on the feasibility
of a separate micrometer-thick porous ﬁlm preparation
followed by ﬁlm transfer technology to be applied to
design such a membrane architecture.
Alternatively, by annealing the ACFs in argon gas (Ar)
at 1100 °C, their adhesion to a SiO2/Si wafer becomes
suﬃciently strong to survive lithographical patterning.
Prior studies indicate formation of covalent bonds
WEI ET AL.

between Si and C at such a high temperature,3336
which likely explains the enhanced bonding strength.
The separation of AC ﬁlms from the substrates can
also be utilized to measure their mass, density, and
other speciﬁc (mass-normalized) properties much
more precisely than on a substrate (since the mass of
the substrate contributes to the majority of the total
mass). We used such stand-alone ﬁlms for precise
determinations of their mass-normalized gas sorption
and energy storage characteristics.
The N2 adsorption/desorption isotherm analyses at
77 K reveal the inﬂuence of activation time on the
porosity development (Figure 4). The sucrose solutionderived carbon ﬁlm without CO2 activation (CF-no
activation) and the activated carbon ﬁlm with only
15 min of activation (ACF-15min) exhibit type-I sorption
isotherms (in the Brunauer classiﬁcation) with saturation at relative pressures (P/P0) of ca. 0.1 and 0.2,
respectively, which is characteristic for microporous
materials with a very low volume of pores of >2 nm.
As the activation time increases to 1 h and then to 2 h,
the pore volume doubles and the isotherms change to
type-IV with a signiﬁcant slope at higher relative pressures, commonly associated with capillary condensation in small mesopores.37 Increasing the activation
time from 15 min to 2 h signiﬁcantly increased the total
amount of N2 adsorbed at 0.99 of the relative pressure,
total ACF pore volume, and BET (BrunauerEmmett
Teller) speciﬁc surface area (SSA), as shown in Figure 4a
and Table 1. Nonetheless, sample ACF-2h (activation
for 2 h) showed a high BET-SSA value of 1636 m2 g1.
According to nonlocal density functional theory (NLDFT)
calculations,38 all samples contain mainly micropores
(Table 1); among them CF-no activation and ACF-15min
samples showed virtually no pores larger than 3 nm
(Figure 4b). However, activation at longer times of 1 and
2 h led to the appearance of mesopores.
Figure 5 shows the Raman spectra of sucrose solutionderived carbon ﬁlms activated for diﬀerent time. A
perfect graphite shows only one narrow Raman-active
mode, the G-band, located at 1582 cm1 and corresponding to graphite in-plane vibrations.3941 In our test,
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Figure 4. Porosity characterization of sucrose-derived activated carbon ﬁlms: (a) N2 adsorption/desorption isotherms; (b)
pore size distribution derived from the N2 isotherms using nonlocal density functional theory.
TABLE 1. Surface Structural Properties of Sucrose-Derived
Activated Carbon Films
SBETa

total pore volume

micropore volume (<2 nm)

sample

[m2 g1]

[cm3 g1]

[cm3 g1]

CF-no activation
ACF-15min
ACF-1h
ACF-2h

989
1193
1435
1636

0.35
0.45
0.65
0.79

0.35
0.39
0.46
0.52

a

BET speciﬁc surface area.
Figure 6. Typical XPS spectra of an ACF, showing a small
(3 at. %) oxygen peak and strong carbon peak present. The
inset shows a high-resolution C 1s spectrum with a single
strong peak present. This ACF sample was activated for 1 h.

Figure 5. Raman spectra of sucrose solution-derived carbon ﬁlms activated for diﬀerent times.

the G-band, located at ∼1600 cm1, is slightly upshifted
from 1582 cm1, which is common for microporous
carbons.42,43 Disordered carbons additionally show
the D-band at ∼1350 cm1, which is associated with
a double-resonance Raman process in disordered
carbon.41,44 The position and the width of this band
may vary, depending on the structure of the disordered
carbon, its uniformity, and the presence of functional
groups.45 We can see that prior to activation the integrated intensity of the D-band is smaller than that of the
G-band. However, with prolonging the activation time,
the relative intensity of the D-band increases, suggesting
formation of multiple defects. The lack of sharp and
strong peaks in the spectral range 24003300 cm1 (2D,
DþG, TþD, TþG, 2D0 , and other bands) suggests the lack
of graphitic ribbon structures in the samples.41
X-ray photoelectron spectroscopy (XPS) analysis
(Figure 6) revealed high purity of the produced ACF
WEI ET AL.

samples with only a small atomic fraction of oxygen
visible (less than 5 at. %).
Traditional lithographical techniques have been utilized to pattern rectangular ACF electrodes on a SiO2/
Si wafer. Brieﬂy, after activation and annealing at
1100 °C, a negative photoresist was patterned using
a custom-designed mask. After an e-beam deposition
of a platinum (Pt)/gold (Au) bilayer and the lift-oﬀ of
the remaining photoresist, patterned Pt/Au strips of
the desired electrode geometry were produced and
served as a protection mask against oxygen plasma
etching of the ACFs. An additional patterned layer of
Pt/Au was deposited to serve as a current collector.
Figure 7 shows key fabrication steps, and the Materials
and Methods section provides additional details.
Figure 8 shows examples of the scanning electron
microscopy (SEM) and optical microscopy micrographs of the lithographically deﬁned rectangular
ACF electrodes produced according to the process
ﬂow described by Figure 7.
Electrochemical measurements of ACF ﬁlms were
carried out in a two-electrode conﬁguration with
symmetric ACF ﬁlm electrodes in aqueous 1 M H2SO4
electrolyte. Figure 9 shows the eﬀect of activation on
the shape of the cyclic voltammograms (CVs) of the
ACF samples. When activated for over 1 h, ACFs show
a good response with a rectangular shape and no
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Figure 7. Schematic of the fabrication of ACF electrodes
integrated onto a silicon wafer.

Figure 9. Cyclic voltammograms of ACFs in symmetric twoelectrode cells with 1 M H2SO4 electrolyte recorded at (a)
10 mV s1 and (b) 500 mV s1.

Figure 8. ACF electrodes lithographically patterned according to the process ﬂow described above: (ac) SEM micrographs showing a top view of selected ACF electrodes of
diﬀerent dimensions, (d, f) optical micrographs showing a
top view of selected ACF electrodes, and (e) alignment
marks. Oxidative etching in oxygen plasma was utilized
for C etching.

evident Faradaic peaks visible, which is characteristic of
a nearly ideal EDLC. A short activation time (15 min),
however, does not provide suﬃciently rapid electrolyte
access to the internal porosity of the ACF electrode.
This sample (ACF-15min) showed relatively small
speciﬁc capacitance and signiﬁcantly distorted shape
of the CV, particularly at fast (500 mV s1) scan rates
(Figure 9b). Figure 10 summarizes the impact of the
activation conditions on the speciﬁc gravimetric
(Figure 10a) and volumetric (Figure 10b) capacitance
retention at increasing sweep rates. The average speciﬁc capacitance of the ACF produced during 2 h
activation (ACF-2h sample) decreases by 36% from
514 F g1 to 330 F g1 when the sweep rate increases
from 1 mV s1 to 100 mV s1. In contrast, the
WEI ET AL.

capacitance decrease of the ACF-15min sample is
signiﬁcantly more pronounced, reaching nearly 87%,
from 142 F g1 to 19 F g1 at identical conditions. The
poor electrochemical performance of ACF-15min cannot be explained only by its low surface area and low
pore volume (Table 1). The existence of bottleneck
pores in ACF-15min limiting the ion transport at fast
scan rates46 is a more probable explanation. The results
of the electrochemical impedance spectroscopy measurements also revealed signiﬁcantly faster frequency
response of the EDLCs based on ACF exposed to longer
activation time (Figure 10c). The capacitance of ACF
activated for 15 min (ACF-15min) does not show signs
of saturation at a frequency as low as 0.01 Hz, suggesting that tortuous diﬀusion paths for electrolyte ions
prevent the achievement of the equilibrium ion adsorption. Increasing activation time to 1 h and then to
2 h results in a major improvement in the frequency
response, by more than an order of magnitude. Comparing the frequencies at which capacitance drops to
50% of its maximum value (f0.5), we clearly see that the
sample ACF-2h demonstrates the fastest frequency
response with f0.5 = 0.9 Hz. The enlarged pore size
(Figure 4b) combined with the proposed elimination
of bottleneck pores in ACFs and the absence of obstacles for ion diﬀusion induced by the prolonged
activation time are likely responsible for the observed
phenomenon.
The volumetric capacitance of the produced ACF
micro-EDLC electrodes exceeds that of the majority
of the prior art studies of micro-EDLC electrodes by
more than an order of magnitude. For example, Pech
et al. fabricated micro-supercapacitors prepared using
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Figure 10. Rate performance of symmetric ACF electrode
cells in 1 M H2SO4 electrolyte: (a) gravimetric and (b)
volumetric capacitance of ACFs as a function of CV scan
rate and (c) frequency response.

inkjet printing technology showed the estimated volumetric capacitance between 1.6 and 2.7 F cm3. They
also produced a micro-supercapacitor with AC powder
electrodes by electrophoretic deposition technique,12
which has a stack capacitance of just 9.0 F cm3.
In contrast, ACF micro-EDLC electrodes exhibited
volumetric capacitances in excess of 250 F cm3 due
to high gravimetric capacity and the absence of pores,
inevitable between individual AC or nanosize carbon
particles utilized in the prior art studies.
The high values of the speciﬁc and area-normalized
capacitance (up to 514 F g1 and 27 μF cm2, respectively) exhibited by ACF samples were somewhat
surprising. The powder AC samples generally exhibit
speciﬁc capacitance in the range from 120 to 200 F g1
in aqueous electrolytes, with only a few studies reporting capacitances in excess of 250 F g1.47 One possible
explanation is an excellent electrical connectivity within ACF combined with full accessibility of the internal
WEI ET AL.

Figure 11. Chargedischarge characteristics of symmetric
ACF electrode cells in 1 M H2SO4 electrolyte: (a) CD curves
and (b) capacitance as a function of current density of a cell
based on 2 h activated ACF electrodes for current densities
up to 45 000 mA g1; (c) cycle stability of a cell based on
1 h activated ACF electrodes tested at current densities of
∼10 000 mA g1. The inset in (b) shows a low IR drop of the
electrode at a very high current density of 22 500 mA g1.

surface to electrolyte ions, which may allow the ACF
capacitance to more closely approach a value of
∼70 μF cm2 reported for the edge plane of graphite.
Indeed, in contrast with 100200 μm thick powderbased electrodes, which have high-resistance pointcontacts between individual particles and suﬀer from
the additional electrical resistance caused by electrically isolative polymer binder present within the electrode, the binder-free 12 μm thin ACF electrodes
should exhibit several orders of magnitude lower
resistance. Similarly, conventional AC electrodes have
a broad pore size distribution with some of the small
sub-nanometer pores being not fully accessible for ion
electroadsorption.49,50 In the case of ACF, a large
portion of the pores have dimensions larger than 1
nm in size and, therefore, both sides of the pore walls
should be accessible to electrolyte ions. We recognize,
however, that sub-nanometer pores may allow distortion of the solvation shells and lead to closer approach
of ions to the pore walls, which may enhance the
speciﬁc capacitance, as proposed in 2006 in microporous carbon electrodes in organic electrolytes.51 ACFs
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excess of 325 F g1 was observed at a very high current
density of 45 000 mA g1, which has never been
reported before for any type of EDLC or supercapacitor
electrodes.30,31,42,46,48,49,5457 The large average pore
size of ACF-2h (Figure 4b) may have assisted in the low
resistance to the transport of ions within this sample.
Indeed, at a current density of 22 500 mA g1 the IR
drop is only 5% of the total voltage range (inset in
Figure 11b). After 10 000 CD cycles at a current density of ∼10 000 mA g1 the sample ACF-1h
showed the highest degradation of 5% (Figure 11c),
which is quite modest for carbon electrodes in acidic
electrolytes.

MATERIALS AND METHODS

TriStar II 3020 surface area and porosity analyzer (Micromeritics
Instrument Corporation, USA). The SSAs (SBET) were calculated
from N2 adsorption isotherms using the BrunauerEmmett
Teller equation in the range of relative pressures from 0.1 to 0.3.
Porosity distributions were calculated by the nonlocal density
functional theory analysis of N2 adsorption in carbon slit pores.
The Raman spectra were recorded using a Horiva (LabRam HR-800)
spectrometer. The source of radiation was a laser operating at a
wavelength of 514 nm and a power of 25 mW. XPS analysis was
done using the Thermo K-Alpha (Al KR peak).
Fabrication of On-Chip Microactivated Carbon Film Electrodes. The
process flow for the fabrication of a micro-EDLC with ACF electrodes
on a Si wafer is shown in Figure 7. In order to increase the interface
adhesion between the ACF and the SiO2 insulating layer, the Si wafer
with ACF coating was first heat treated at 1100 °C under Ar flow for
1.5 h. After that, standard photolithography techniques were used
for patterning ACF capacitor electrodes. First, negative resist NR91500PY (Futurrex, Inc., USA) was spin coated on the surface of the
ACF coating at a speed of 800 rpm for 40 s. Then the spin-coated
photoresist was baked for 60 s at 150 °C on a hot plate. The baked
photoresist was patterned from a mask with a UV exposure (Karl
Suss MA-6 mask aligner). Postexposure bake was done for 60 s at
100 °C on a hot plate. Then the sample was developed in the RD6
developer. After photoresist rinsing in DI water and drying, thin Pt
(50 nm)/Au (50 nm) coatings were deposited on the surface; later,
the photoresist was lifted off in acetone. The unwanted ACF was
etched in oxygen plasma; then, the parallel column-like ACF
electrodes were formed on the Si wafer. Next, another photolithography process was employed using the same procedures but
different mask to get Pt (100 nm)/Au (100 nm) current collectors
on the surface of ACF electrodes.

Activated Carbon Film Preparation. Sucrose, DI water, and H2SO4
were mixed with a mass fraction of 1:0.5:0.1 to form an aqueous
sucrose/catalyst solution. The solution was uniformly distributed onto a 10 cm diameter Si wafer with a 1 μm SiO2 coating
(the Si wafer was pre-etched in piranha solution in order to
hydroxylate the surface of the Si wafer, making it extremely
hydrophilic) by using a CEE 100CB spinner (Brewer Science, Inc.,
USA) at a spin speed of 800 rpm for 30 s. In order to increase the
thickness of the sucrose solution coating, application of sucrose
solution by spin coating was repeated. Next, the sucrose solution coating was carbonized and annealed in a vacuum furnace
(Across International, USA) at 700 °C for 2 h at a heating rate of
4 °C min1. After carbonization and annealing, the Si wafer with
carbon coating was subsequently heated to 900 °C under an
Ar flow and then activated using a pure CO2 gas (99.9%, Air
Gas, USA) flowing at a rate of 500 mL min1 for 15 min to 2 h.
The samples were then cooled slowly under an Ar flow. The
activated carbon film samples are tagged as ACF-15min, ACF1h, and ACF-2h, referring to different activation times.
Activated Carbon Film Characterization. The thickness and morphology of the prepared carbon films was observed by a Leo
1530 (LEO, Osaka, Japan, now Nano Technology Systems
Division of Carl Zeiss SMT, USA) scanning electron microscope.
Before analyzing the surface and pore characterization, the
activated carbon films were peeled off from the Si wafers by
immersing them in organic solution and were degassed at
300 °C using the VacPrep 061 degasser (Micromeritics Instrument
Corporation, USA) to remove moisture and other adsorbed
contaminants. After that, the carbon films were characterized
by N2 adsorption/desorption measurements at 196 °C using a
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do not have such small pores. However, the defects
in the carbon structure and edge planes of graphene
segments may also cause solvation shell distortion and thus similarly lead to high normalized
capacitance.52,53
A small fraction of oxygen detected in ACF samples
by X-ray photoelectron spectrometer studies (Figure 6)
may be present within functional groups, which
may contribute to the pseudocapacitive (reversible
reductionoxidation) reactions between the ACF and
aqueous electrolyte. Such reactions may cause degradation of the EDLC during cycling and potentially
contribute to self-discharge, which would reveal itself
as a constant slope of the CV curves. However, the
small amount of the detected oxygen (less than 5 at. %,
in Figure 6 and likely could be further reduced by
annealing the samples in Ar gas prior to XPS measurements) and virtually no signiﬁcant constant slope
seen in our CV tests (Figure 9) suggested a rather
small contribution of redox reactions and small selfdischarge rate, both being comparable to that observed in commercial activated carbon powders. The
performance of supercapacitors in real applications
is primarily determined by their chargedischarge
(CD) characteristics, which reveal their energy and
power performance. The shape of the CD curves in
ACF electrodes is linear (Figure 11a), as expected for
nearly ideal capacitors. The highest speciﬁc capacitance and the best capacity retention were achieved
in the ACF-2h electrode. A speciﬁc capacitance in

CONCLUSIONS
The demonstrated ability to produce patterned
ACFs and tune electrochemical characteristics of ACF
electrodes suggests that the proposed technology
could be applicable for the fabrication of various onchip devices, such as micro-electrochemical capacitors
(micro-supercapacitors). The values of the speciﬁc and
volumetric capacitances of the selected ACF electrodes
in combination with the capacity retention at high
current densities are unprecedented. The ability to
transfer thin ACFs to macroporous substrates may
additionally open the door to the fabrication of highthroughput, high-pressure/low-resistance ﬁlters and
membranes for gas and liquid separation. Fabrication
and performance characterization of such devices will
be reported elsewhere.
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