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E
lectrochemical double-layer capacitors
(EDLCs) are electrical devices which
store energy by forming a double layer

on their electrode/electrolyte interfaces.
Since the charges are stored on a high
surface area without any faradaic reaction
involved, long cycle life can be obtained in
addition to high capacitance. Moreover,
EDLCs are vastly superior in terms of power
density when compared against the current
energy storage benchmark, Li-ion batteries.1

These characteristics have allowed EDLCs,
also known as “supercapacitors”, to find
important applications in electronics, indus-
trial processes, and transportation where
they support batteries and in a few cases
replace them.2,3

High-frequency applications, such as
120 Hz ac line filtering, have thus far been
dominated by electrolytic capacitors with
a reduced capacitance compared to EDLCs.
Traditional EDLCs take advantage of the
very high surface area of activated carbons,

where values greater than 1500 m2/g are
not uncommon. However, the convoluted
ion paths in activated carbon cause the
electrode to behave like a multiple time
constant truncated ladder network.4 As a
result, the frequency response of traditional
supercapacitors has been poor above 1 Hz,
and they behave like pure resistors with
impedance phase angles of nearly 0� at
120Hz. In recent years, EDLC electrodeswith
vertically aligned graphene sheets have
been reported that display a �85� phase
angle at 120 Hz.5 This value is very close
to ideal capacitor behavior where current
trails voltage by �90� in the complex plane
representation for sinusoidal waves. All ca-
pacitors will display some resistive behavior
whether from ionic or electronic sources and
will only approach the ideal value at low
frequency. At �45�, resistance and reac-
tance contributions are equal; therefore,
the frequency at this point is routinely used
for comparing devices. The vertically aligned
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ABSTRACT We report the fabrication of high-performance, self-

standing composite sp2-carbon supercapacitor electrodes using single-

walled carbon nanotubes (CNTs) as conductive binder. The 3-D

mesoporous mesh architecture of CNT-based composite electrodes

grants unimpaired ionic transport throughout relatively thick films

and allows superior performance compared to graphene-based devices

at an ac line frequency of 120 Hz. Metrics of 601 μF/cm2 with a�81�
phase angle and a rate capability (RC) time constant of 199 μs are

obtained for thin carbon films. The free-standing carbon films were

obtained from a chlorosulfonic acid dispersion and interfaced to stainless steel current collectors with various surface treatments. CNT electrodes were able

to cycle at 200 V/s and beyond, still showing a characteristic parallelepipedic cyclic votammetry shape at 1 kV/s. Current densities are measured in excess of

6400 A/g, and the electrodes retain more than 98% capacity after 1 million cycles. These promising results are attributed to a reduction of series resistance

in the film through the CNT conductive network and especially to the surface treatment of the stainless steel current collector.

KEYWORDS: supercapacitor . EDLC . electric double layer capacitor . electrochemical capacitor . high current density .
ultrahigh sweep rate . carbon nanotubes . ac line filtering
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graphene sheets were obtained by either growing or
reducing electrically conductive graphene directly
onto metal current collectors. The resultant vertical
nanoarchitecture provides excellent graphene�metal
contact and good ionic transport.5�7 Unfortunately,
despite their high gravimetric energy density, gra-
phene-based supercapacitors have low volumetric en-
ergy density, which limits their capacitance per unit
area. This is because stacked sheets, even vertically
stacked, often exhibit limited ionic transport. Other
sp2-carbon architectures may provide fast cycling with
higher practical energy densities. Carbon nanotubes
(CNTs) exhibit excellent electrical conductivity, and
facile ionic (mass) transport can be optimized by the
natural occurrence of mesostructured mesh-like fra-
meworks when CNTs are stacked. These frameworks
present a large surface area free of convoluted pores
thatminimize charge redistribution allowing the reten-
tion of full charge storage capacity at higher frequen-
cies than porous carbons (PCs) or graphene alone.8�11

Composite films of different carbons have been
pursued in the past in an effort to combine comple-
mentary strengths. For example, CNTs and graphene
composite have been shown to demonstrate good
ionic conductivity and high volumetric energy density,
and the addition of CNTs to PCs was reported to
improve electrical conductivity.12�14 However, the
electrical conductivity of CNT mesostructured frame-
works is often compromised by the dispersion meth-
ods used in their synthesis so that effective 120 Hz
operation has been hindered to date.15�18

Here we report a versatile hybrid carbon electrode
construction method that reduces equivalent series
impedance and endows CNT-based macro-sized de-
vices with ac line-filtering capabilities. We accom-
plished this by creating a dispersion that preserves
the conductivity of single-walled CNTs while creating
the required mesostructured network film and by
attaching these films onto specially tailored current
collectors. Aside from imparting good electrical con-
ductivity, single-walled CNTs are simultaneously used

as a highly conductive binder for other sp2 carbons. We
employed non-permanently functionalizing chlorosul-
fonic acid dispersion and filtration techniques, re-
ported, respectively, by Pasquali et al. and Hetch
et al. for graphene and CNTs, and applied these to
mixtures of different sp2 carbons.19�22 The resulting
mesostructured carbon films were free from the in-
herent areal capacitance limitations experienced by
graphene-based devices. Filmswere thenpressed onto
polished, roughened, and/or gold-coated stainless
steel current collectors to study the effect of specific
collector surface treatment and ultimately minimize
interface impedance. This study sheds light on the
largely unexplored and critical role of creating exten-
sive contact points between metal current collectors
and the dry, binder-free, self-standing active materials
increasingly used in high-power supercapacitor and
battery applications.23�25 Ultimate charge-transfer
abilities were dependent on surface chemistry and
roughness at the current collector/carbon interface,
based on determination of comparison of the electro-
chemical properties.

RESULTS AND DISCUSSION

From the complex impedance representation, all
15 SWNT-MWNT (S-MW/NT) cells displayed the same
electrolyte (ionic) real impedance contribution: 0.36Ω
with a standard deviation of 0.04Ω. This constant ionic
contribution regardless of film thickness was proof of
good ionic mobility within these CNT films. Electronic
impedance contributions differed significantly, how-
ever, depending on the choice of current collector
as shown on Figure 1. A gold coating eliminates
electronic impedance regardless of film thickness
(Figure S3, Supporting Information). This proves that
electronic impedance is not generated within the
film but by the contact at the metal/carbon interface.
These results are consistent with previous studies by
Simon et al. on activated aluminum and on titanium/
gold current collectors.26,27 Chemical surface analysis
through XPS and physical surface analysis through

Figure 1. Impedance spectroscopy of a single walled�multiwalled carbon nanotube film (138 μg/cm2; 0.5 M K2SO4) for
polished, roughed, and gold-coated stainless steel current collectors: (a) complex plane impedance; (b) schematic showing
equivalent circuit and complex plane impedance (Rs: solvent or ionic impedance, Ri: internal or electronic impedance, Ci:
capacitance from contact resistance, R: additional resistance, C: EC capacitance)).
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microprofilometer and AFM testing (Figure S11, Sup-
porting Information) revealed that the roughened
stainless steel surface bears more oxide than the
polished one. Therefore, the performance advantage
of the roughened surface could be attributed to
an increased number of contact points between
metal and carbon films. The roughened gold surface
had no detectable oxide layer; scanning electron
micrographs (SEM) of the surface exhibited nanoscale
features that further increase effective contact with the
carbon films.
Assuming a resistor�capacitor in series configura-

tion (C = �1/(2π fZlm)), the 138 μg/cm2-S-MW/NT film
(Figure 2) coupled with gold-coated current collec-
tors in 0.5 M K2SO4 yielded an areal capacitance of
2087 μF/cm2 at 120 Hz with a phase angle of �61�
(Figure 3). Although the latter phase angle response
suggests non-negligible resistance behavior, render-
ing this material poor for ac line-filtering applications,
the available capacitance was seven times higher than
vertically oriented graphene prepared from electro-
chemically reduced graphene oxide reported by
Shi et al.,6 and with a similar time constant (1.06 ms).
The rate capability (RC) time constants characterize
every capacitor and are the results of charge mobility
limitations, electronic and ionic, which appear as
compounded resistance in series with the main capa-
citance. Reduction of the time constant arises from

minimizing the resistance in order to maintain signifi-
cant high capacitance. Accordingly, the 19.9 μg/cm2

SWNT thinfilmbonded to agold-coated collector, cycled
in a 0.5 M H2SO4 electrolyte, exhibited a proportionally
much smaller 199 μs RC time constant that was similar
to Miller's vertically oriented graphene electrodes, but
with over two times the capacitance.5,6,28 At 120 Hz,
the measured capacitance was 601 μF/cm2 at �81�,
and the phase angle dropped to �45� at 1425 Hz
(Figure 3). This represents a 2-fold increase in fre-
quency response over the closest equivalent CNT-
based device.29 A summary of ultrahigh-rate capable
aqueous supercapacitors and their performance is
presented in Table 1. The performance displayed by
our 19.9 μg/cm2-SWNT thin-film capacitor makes it
suitable for ac line-filtering applications, where stan-
dard 60Hz ac power is rectified to an all-positive 120Hz
signal and then filtered to obtain dc power. Its reduced
199 μs time constant provides access to more than
95% of the energy storage in the charge/discharge
time at 120 Hz.
According to the definition of capacitance, C = q/V =

(I/(sweep rate)), the cyclic voltammetry (CV) sweep rate
should remain proportional to current for an ideal
constant capacitance. The 19.9 μg/cm2-SWNT thin film
mounted on gold-coated collectors and cycled in a
H2SO4 electrolyte supported CV sweep rates up to at
least 200 V/s while maintaining direct proportionality
between sweep rate and discharge current (Figure 4).
A parallelepiped shape was even maintained at 1 kV/s.
This is a faster sweep rate than any macro-sized
CNT-based supercapacitor and second to a reported
graphene device which sustains proportional cycling
sweep rates up to 350 V/s,6 although these latter
electrodes exhibit much lower capacitance per unit
area than CNT films.6,28,30�32 At the ultrahigh sweep
rate of 200 V/s, the discharge current density reached
6400 A/g, which is an extremely high response.
At 200 V/s, S-MW/NT films mounted on gold collec-

tors maintained quasiconstant current density values
regardless of carbon loading, but the same films
mounted on roughened and polished stainless steel

Figure 2. SEM image showinga cross-sectionof a 138μg/cm2-
S-MW/NT film at 10000� magnification.

Figure 3. Frequency response of S-MW/NT and SWNT films: (a) phase angle vs frequency for a 19.9 μg/cm2-SWNT film on a
gold-coated stainless steel electrode (0.5 M H2SO4) and a 138 μg/cm2-S-MW/NT film on gold-coated electrode (0.5 M K2SO4);
(b) areal capacitance vs frequency.
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collectors did not. For the latter only, current values
leveled off at a maximum of about 160 mA/cm2 even if
carbon loadings were increased. That current maxi-
mum was the limiting factor for capacitance, singling
out the carbon-metal interface as the bottleneck for
charge transfer (Figure S4, Supporting Information).
Figure 5 shows the capacitance losswhen 138 μg/cm2-

S-MW/NT-based cells were cycled from 1 to 100 A/g for
10000 cycles. Losses tend to disappear for current
density values higher than 50 A/g. All S-MW/NT and
SWNT-porous carbon cells could perform 1 million
cycles with an average capacitance loss of 1.4% irre-
spective of current collector (observed maximum of
2.5%). The highest reported cycle life for EDLC devices
typically vary between 10000 cycles for Shi's graphene-
based device6 and 100000 cycles for Cui's CNTdesign.38

Impedance characteristics remained identical to pre-
cycling values (Figure S7, Supporting Information). Loss
percentage figures were the same regardless of the
type of current collector used. Specific capacitance was
measured to be 39 F/g for the 19.9 μg/cm2-SWNT film,
33 F/g for S-MW/NT films, and 100 F/g for SWNT-porous

carbon films with 0.5 M K2SO4 electrolyte. Carbon
loadings from 19.9 to 138 μg/cm2 do not affect specific
capacitance for S-MW/NT films (Figure 6). Such max-
imum capacitance values are common for pure CNTs
arranged in random networks. The superior capaci-
tance of porous carbons is due to their larger specific
surface area arising from multiple surface pores that
contribute more than the single central pore of CNTs
(Table 2).33,34 It has been shown that capacitance con-
tributions from surface-functionalized groups decrease
as frequencies, which are proportional to current den-
sity, increase past a few hertz.15 Our carbons have not
been intentionally functionalized, and this was verified
using FTIR characterization (Figure S1, Supporting
Information). Some functionalized groups may form
naturally from oxidation during production, however,
and even when carbon is left in storage in air. The
observed dependence of capacitance loss on current
density values may then be explained by the suppres-
sion of pseudocapacitance contributions from carboxyl
or carboxylic groups at higher cycle frequencies.
Galvanostatic tests on a cell with SWNT loading

scaled up 20-fold to 2830 μg/cm2 revealed that specific
capacitance is maintained. This result confirms that the
full surface area of the CNTs remains accessible to ions
independently of carbon loading. Cyclic voltammetry
tests of these 2.83mg/cm2 electrodes reveal near-ideal
behavior up to 1 V/s (Figure 7a), which demonstrates
that adequate ionic pathways are maintained. The
Nyquist plot (Figure 7b) compares the impedance
response from thin and thick electrodes, showing that
the high-loading thick electrodes diverge from ideal
capacitor behavior at high frequencies as well as suffer
from slightly higher ionic impedance when compared
to thin electrodes. The absence of a semicircle com-
ponent attests to good electronic conductivity both
throughout the carbon and at the current collector

TABLE 1. Comparison of High-Rate Capable Supercapacitors and Their Performance Metrics

max specific

capacitance

(F/g)

max areal

capacitance

(μF/cm2)

max scan

rate (V/s)

frequency at

�45� phase

angle (Hz)

RC time

constant

at 120 Hz (μs)

areal capacitance

at 120 Hz

(μF/cm2) cycle life

ESR

(Ω/cm2)

vertically grown graphene28 187.5 15000 192.5 87.5 0.55
high density vertically grown graphene5 30000 251 94.8 1.65
electrochemically reduced graphene oxide6 325 350 4200 1350 283 10000�no loss 1.13
fiber-shaped EC reduced graphene oxide7 726 10 540 2000�6% loss 0.92
carbon onion microsupercapacitor30 900 100 10000
3D graphene�CNT microsupercapacitor6 2160 400 500�1300 195�402 230�662 380�553
on-chip CNT supercapacitor11 200 2000 450 0.16
electrophoretic deposited CNT29 21 1 ∼600 1.17
CNT-sponge supercapacitor38 3.75 900 8 100000�2% loss ∼6
carbon black thin film on vinyl39 641 354 559 0.3
carbon black thin film by inkjet printing39 500 764 588 120 4.9
SWNT 27 600 200 1425 199 601 0.25
S-MW/NT 33 2300 100 223 1060 2087 1 million�<2% 0.3
SWCNT-porous carbon 100 11500 20 1 million�<2% 0.35

Figure 4. Cyclic voltammetry studies of a 19.9μg/cm2 SWNT
filmon agold-coated stainless steel electrode (0.5MH2SO4):
discharge areal current versus scan rate showing onset
of deviation from a linear response at 400 V/s (inset, CV at
1000 V/s).
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interface. However, the frequency response was poorer

in the thick CNT films as expected: full specific capaci-

tance was maintained only up to about 10 Hz with

a phase angle dropping below �45� (Figure 7c,d). The
loss of frequency response is undoubtedly due to ion

diffusion limitations.
The graphene-based devices produced by Miller5

and Shi6 exhibit the same lack of electronic impedance
contributions undetectable through EIS as our CNT-
based electrodes using gold-coated current collectors.
They presented lower overall capacitance but higher
frequency response, in fact, the highest reported fre-
quency response for supercapacitors (Table 1). The
direct growth and bonding used in Miller's and Shi's
reports appear to be key contributors to enabling
reliable fast cycling and improved high frequency
response. Miller's fabricationmethod leads to effective,
durable, and relatively cheap excellent contact at the

interface of carbon and current collector. Graphene also
has a more natural ability to form extensive contact
with a relatively flat surface than do carbon nanotubes,
due to its sheetlike morphology. Furthermore, gra-
phene grown at 1000 �C directly on a nickel substrate
results in a temperature high enough to induce atomic
interdiffusion of carbon into nickel, which is speculated
to formvery effectivemetallic carbide channels to allow
electrons to easily cross the carbon/metal interface.35

However, CVD is unlikely to be a practical method for
scaled up commercial production. Nevertheless, follow-
ing Miller's lead, designs of energy storage devices
may soon include bonding techniques developed dec-
ades ago in solar cell technologies where metal current
collectors are interfaced to active material through
atomic diffusion to create low-resistance, energy-
efficient heterojunctions.36 Contact of our electrodes
only relies on static friction between relatively expen-
sive gold-coated current collectors and the CNT-based
carbon films. Further improvement of contacts will be
the subsequent focus of our work.

CONCLUSIONS

In this study, the rate capability of well-known sp2-
carbon compounds have been demonstrated to be
at least 2 orders of magnitude higher than previously
reported: 2000 A/g for SWNT/porous carbon films,
2400 A/g for S-MW/NT films, and 6400 A/g for SWNT
films. These high current densities are enabled by the
self-assembly of the CNTs into flexible mesostructured
networks incorporating other sp2-carbons that are
favorable for both ionic and electron transport and
by decreasing impedance at the current collector
interface. Our versatile method allows the fabrication
of electrodes that compete well with graphene-based
EDLCs, displaying low interfacial resistivity, higher areal
capacitance, and much improved reported cycle life.
The ac line-filtering applications are now within reach
of CNT-based supercapacitors.
Wehave also demonstrated that, formesostructured

electrodes with unimpaired ionic transport abilities,
frequency response limitations arise primarily from

Figure 5. Galvanostatic discharge tests of 138 μg/cm2 S-MW/NT films in 0.5 M K2SO4 aqueous electrolyte: (a) capacitance loss
vs current density for polished, roughened, and gold-coated stainless steel current collector; (b) plot of capacitance retention
over a 1 million cycles on a gold-coated collector cycled at 200 A/g.

Figure 6. Cyclic voltammetry study of S-MW/NT films of
various carbon loadings showing specific capacitance vs
mass per surface area (20 V/s; 0.5 M K2SO4; gold-coated
stainless steel current collector).

TABLE 2. BET Specific Surface Area Measurements of sp2-

Carbon Films

specific surface (m2/g) avg pore size (nm)

SWNT 510 5.6
S-MW/NT 352 6.5
SWNT-porous carbon 900 3.8
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electronic transfer through the carbon/metal interface.
This indicates that better interface conductivity is still a
key component in future developments of high-power
energy storage devices. Further experiments and stud-
ies of charge transfer at the current collector interface
will certainly help reduce series impedance further and
increase energy efficiency beyond EDLC applications.

We foresee improvements arising from deliberately
inducing compositionally seamless interface gradients
between carbon and metal collectors. Nevertheless
the electrode construction technique presented here
is readily applicable for improving the growingnumber
of free-standing, binder-free applications that rely on
carbons for electronic transport.

METHODS

Binder-Free Carbon Films, Electrode, and Cell Preparation. Single
and hybrid carbon films were made by combining the
methods of Pasquali et al. for dispersion and of Hecht et al. for
filtration.19�22 CNTs and Ketjenblack carbon were dispersed in
99% chlorosulfonic acid (CSA, Sigma-Aldrich) and stirred over-
night, and then the colloidal dispersions were vacuum-filtered
through alumina filters (Whatman) with pores of different
diameters: 0.02 μm for SWNT films (Figure S2a, Supporting
Information), 0.1 μm for S-MW/NT films (Figure 2 and Figure S2b),
and 0.2μmfor SWNT-porous carbon films (Figure S2c). Filmswere
rinsed with chloroform (>99.8%, Sigma-Aldrich) before a DI�
water bath was used to float off the hydrophobic films and
separate them from the filters. SWNT films were filtered from
a 0.33 mg/mL CSA dispersion. S-MW/NT films were made from
five CSA dispersions with concentrations ranging from 0.33 to
1.67 mg/mL. The ratio SWNTs to MWNTs was 10�90 wt %.
SWNT�porous carbon films were prepared from two dispersions
with concentrations of 1.67 and 3.33 mg/mL, 20 wt % SWNT to
80 wt % PC. The resulting films had masses per unit area from
19.9 to 288 μg/cm2. CNTs were purchased from Cheaptubes and
usedwithout further purification. These tubes comprised 99wt%
SWNTs ranging from1 to2nmdiameter that are<30μmlongand
95 wt % MWNTs, <8 nm in diameter, and <30 μm long.

Accurate mass determination is critical to the characteriza-
tion of film performance, namely specific capacitance, and
current densities. Themasses involved are very small, and losses
occurred during filtering, as a result, final films were lighter than

expected. Final mass determination was carried out using a
thermogravimetric analyzer (TA Instruments Q600) with sub-
microgram accuracy. The process is destructive: sp2 carbon
combusts completely in air below 400 �C. Accurate measure-
ment of the carbon content in each carbon loading film was
obtained from themass difference before and after combustion,
averaged over five samples using a linear fit. For SWNT�porous
carbon films, the same techniquewas employed. However, since
only two thicknesses were needed, it was not possible to rely
on a linear fit. Instead, four films were combusted, two samples
for each thickness, and an average weight was calculated for
each film.

Using a Carver press, films were interfaced directly to 318
stainless steel metal current collector rods with three different
surface finishes: machined polished, roughened, and gold
coated. Roughened rods were obtained by scratching machine
polished rods with P100 aluminum oxide and paper. Gold-
coated rods were produced by sputtering a∼20 nm thick layer
of gold onto roughened rods. The pressure exerted between
film and collector was 98 MPa for all fabricated electrodes.
All rods were 1.2 cm diameter cylinders that could be used
directly in two-electrode type Swagelok cell apparatuses. The
SWNT films and SWNT-porous carbon films were exclusively
interfaced to gold-coated collectors; S-MW/NT filmswere cycled
using all three collector surface finishes.

All cells consisted of symmetrical full cells with identical
electrodes (carbon film þ current collector) on either side.
Two different aqueous electrolytes were utilized: (i) potassium

Figure 7. (a) Cyclic voltammetry study of 2830 μg/cm2 SWNT film on gold-coated current collectors (0.5 M H2SO4) showing
specific capacitance versus potential at different sweep rates: 0.1 V/s (blue), 1 V/s (red), and 10 V/s (green). (b) Nyquist plot
comparing low loading (19.9 μg/cm2) to high loading (2830 μg/cm2) films; frequency response of 19.9 and 2830 μg/cm2 SWNT
films on gold-coated collector (0.5 M H2SO4). (c) Specific capacitance versus frequency. (d) Phase angle versus frequency.
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sulfate (K2SO4) at 0.5 M concentration in Milli-Q purified water
with 18 MΩ.cm resistivity; (ii) concentrated 98% sulfuric acid
(H2SO4) diluted in Milli-Q water to 0.5 M. Fiber glass prefilters
from Millipore were soaked in the electrolyte and placed
between the electrodes to serve as separators.

Eighteen cells were tested:

(1) Two SWNT-based cells interfaced with gold-coated
current collectors, one with a low carbon loading of
19.9 μg/cm2 and one with a high carbon loading of
2830 μg/cm2with 0.5MH2SO4 as the electrolyte in both
cases.

(2) Two SWNT-porous carbon-based cells of two different
carbon loadings (148.0 and 288 μg/cm2) interfaced
to gold-coated collectors with 0.5 M K2SO4 as the
electrolyte.

(3) Fifteen S-MW/NT-based cells with five different carbon
loadings (19.9, 49.4, 78.9, 108.4, and 138.0 μg/cm2)
interfaced to all three types of collector with 0.5 M
K2SO4 as the electrolyte.

Electrochemical Studies. Best practice methods were followed
for measuring and deriving the electrochemical properties of
supercapacitors.37 All cells were tested using a Biologic VMP3
galvanostat, and data were analyzed with EC-lab software.
Galvanostatic experiments were conducted with current density
values from 1 to 1460 A/g between 0 and 0.8 V. Cyclic voltam-
metry sweep rateswere varied from 0.1 to 1 kV/s; measurements
above 200 V/s are only qualitative as the galvanostatic sampling
frequency becomes insufficient for quantitative use above
that sweep rate. Electrochemical impedance spectroscopy (EIS)
measurements were conducted from 500 kHz to 100 mHz at a
5 mV amplitude with þ0.1 V offset.

Surface Characterization. Microscale surface roughness was
characterized with a Dektak 8 Stylus contact profilometer. The
surface of each current collector was probed across a 200-μm
horizontal travel distance. Vertical travel of the contact element
was restricted to a maximum range of 6.5 μm, and 4.4 mg of
weight was applied to keep contact with the sample.

AFM characterization was conducted on a MultiMode scan-
ning probe microscope with Nanoscope controller from Digital
Instrument Veeco Metrology Group. Each current collector
surface was raster scan over 1 μm2 area and averaged over
512 passes.

XPS measurements were conducted under high vacuum on
a Thermo VG Scientific ESCALab 250 XPS microprobe system
with a monochromatic Al KR (1486.6 eV) 150 W X-ray source
with 0.5 mm circular spot size.
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