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A B S T R A C T

The electrochemical properties of carbon films, of thickness between 200 and 500 nm, sputter-coated on

gold- and platinum-coated 6 MHz piezoelectric quartz crystal oscillators, as new electrode materials

have been investigated. Comparative studies under the same experimental conditions were performed

on bulk electrodes. Cyclic voltammetry was carried out in 0.1 M KCl electrolyte solution, and kinetic

parameters of the model redox systems Fe(CN)6
3�/4� and [Ru(NH3)6]3+/2+ as well as the electroactive area

of the electrodes were obtained. Atomic force microscopy was used in order to examine the surface

morphology of the films, and the properties of the carbon films and the electrode-solution interface were

studied by electrochemical impedance spectroscopy. The results obtained demonstrate the feasibility of

the preparation and development of nanometer thick carbon film modified quartz crystals. Such

modified crystals should open up new opportunities for the investigation of electrode processes at

carbon electrodes and for the application of electrochemical sensing associated with the EQCM.

� 2009 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, the development and application of the quartz
crystal microbalance, QCM, has grown in many fields of science.
Many researchers are giving special attention to the development
of materials such as diamond-like carbon films, polymeric films
and nanostructured films [1–3]. Several research groups have
developed in situ electrochemical quartz crystal mass sensors
[4–7], and the electrochemical quartz crystal microbalance
(EQCM) has been used to study the electrochemical dissolution
of metal films [8–11].

Additionally, multisensor arrays on the same crystal have been
recently proposed [12,13]. The QCM has also been used in thin film
deposition monitors and in gas sorption and vapour sensors using
carefully selected coating materials as the chemically active
interface [14,15]. The high sensitivity of the quartz crystal
microbalance is the basis for its application in thin film studies
[16]. In the cases where the thin film coating serves simultaneously
as an electrode the possibility of correlating the resonance
frequency shift, Dfq with the change of loading mass, Dm, given
by Sauerbrey equation, is exploited for correlating charge transfer
and mass transfer occurring at electrode-solution interfaces [17].
* Corresponding author. Tel.: +351 239 835295; fax: +351 239 835295.
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One of the main limitations of the EQCM is the fact that the
piezoelectric quartz crystals have metallic thin film electrode
coatings [18], which are restricted to a few metals, especially gold,
and which are susceptible to form surface oxides or dissolve [19].
Such phenomena represent a limiting factor in electrochemical
studies, particularly for the characterisation of processes which
can occur at other electrode materials, and in the development of
sensors and biosensors.

The principal requirements for a good electrode material are
long-term stability, low residual current and wide potential range.
As an alternative to metal electrodes in electrochemical sensors,
carbon in various forms has emerged as a promising material with
good physical and mechanical properties such as hardness and
robustness, ease of surface regeneration, etc. [20–22]. Carbon-
based materials as electrodes usually have a wider potential range
than solid metal electrodes, can often pass higher currents and
have long-term stability. The development and characterisation of
new, carbon-based, non-toxic electrode materials for electroche-
mical sensors and biosensors has been an active field of research,
[23], and which would benefit from complementary studies at
carbon film EQCMs to better understand the adsorption, deposition
and dissolution phenomena which take place at carbon electrode/
electrolyte interfaces.

The objective of this work was to characterise the electro-
chemical properties of carbon films of thickness between 200 and
500 nm, sputter-coated on gold- and platinum-coated 6 MHz
piezoelectric quartz crystal oscillators, and to evaluate the
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Fig. 1. Cyclic voltammograms (normalised to geometric area of the electrodes)

obtained with (A) carbon-coated gold quartz crystal electrode, (B) gold quartz

crystal electrode in 0.1 M KCl at 25 8C; 5 scans at 20 mV s�1.
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feasibility of using these films as electrode materials. Comparative
studies were performed on bulk electrodes.

Cyclic voltammetry was used to examine the voltammetric
characteristics, in particular to measure the potential window and
to determine the electroactive area of the carbon-film-coated
crystals. Atomic force microscopy (AFM) was used to evaluate the
surface morphology of the films and electrochemical impedance
spectroscopy was applied to investigate the properties of the
carbon films and the electrode-solution interface.

2. Experimental

2.1. Reagents and electrolyte solutions

All solutions were prepared from analytical grade reagents and
Millipore Milli-Q nanopure water (resistivity�18 MV cm) and the
experiments were performed at room temperature, 25 � 1 8C. The
supporting electrolyte was 0.1 M potassium chloride, from KCl
(Riedel-deHaën, Germany), containing 5 mM hexaamminerutheniu-
m(III) chloride (Riedel-de-Haën, Germany), or 5 mM potassium
hexacyanoferrate(II) trihydrate (Fluka, Switzerland), as required.

2.2. Electrodes and preparation of carbon film coatings.

Electrodes were prepared from piezoelectric quartz crystals
(KVG-Germany), 6 MHz with a geometric area of 0.28 cm2 covered
by Au and Pt. Thin carbon films of 500 nm thickness were
deposited by rf magnetron sputtering (energy 1 keV) after washing
the metal substrates in 0.1 M perchloric acid. The target material
was produced by heating graphitic carbon.

A Pt foil, area 1.0 cm2, was used as counter electrode and a
saturated calomel electrode (SCE) (Radiometer, Denmark) was
used as reference.

2.3. Instrumentation

Voltammetric studies were carried out with a microAutolab
(EcoChemie, Netherlands), controlled by GPES Autolab software,
connected to a home made QCM.

Electrochemical impedance spectra were recorded using a
Solartron 1250 Frequency Response Analyser coupled to a
Solartron 1286 Electrochemical Interface (Solartron Analytical,
UK), controlled by ZPlot 3.0 software (Scribner Associates). A
sinusoidal perturbation of 10 mV rms was applied over the
frequency range 65.5 kHz–0.1 Hz, in 10 steps per decade, at
applied potentials from �0.5 to +0.5 V vs. SCE, with 60 s auto-
integration.

AFM images were recorded with a MultimodeTM Atomic Force
Microscope controlled by a Digital Instruments Nanoscope E
controller (Veeco Instruments, USA). Silicon nitride NanoProbesTM

V-shaped cantilevers, 100 mm length, 0.58 N m�1 spring constant
were used. All images were recorded in contact mode AFM in air at
room temperature.

3. Results and discussion

3.1. Cyclic voltammetry

3.1.1. Potential window

Cyclic voltammetry was used to investigate the potential
window of carbon films sputter-deposited on Au and Pt quartz
crystal electrodes in 0.1 M KCl solution, and comparison was made
with Au and Pt electrodes to test whether the carbon film
completely covers the metal substrate. No oxidation or reduction
peaks should appear between the potential limits of hydrogen and
oxygen evolution on the carbon-coated electrodes, unless they are
due to chemical reactions of the film surface itself.

Fig. 1A and B shows cyclic voltammograms, normalized by the
geometric area of the electrodes, obtained at carbon-film-coated
gold quartz crystal (C/Au) and at bare gold quartz crystal (Au)
electrodes, respectively, in 0.1 M KCl. In these cases, at potentials
above +0.8 V vs. SCE there is a possibility to form a gold chloride
complex AuCl4

� [24], which may afterwards be dissolved in the
aqueous solution. The oxidation peak at +0.8 V at C/Au electrodes
was�90 mA cm�2, which is much higher than that at Au electrodes
(�0.4 mA cm�2). At negative potentials, the hydrogen evolution
potential shifted by around 0.4 V to more negative values with the
C/Au electrode, starting at ��0.9 V, compared with the Au
electrode, where hydrogen evolution began to occur at ��0.5 V;
the peak at �0.2 V is due to reduction of surface oxides. This is a
considerable increase in the negative potential limit into a region
where Au electrodes cannot be used for electrochemical studies.

Cyclic voltammograms at carbon-film-coated Pt quartz crystal
electrodes (C/Pt), recorded in 0.1 M KCl solution, are shown in
Fig. 2. It is clearly observed that the negative limit of the potential
window at the C/Pt electrode is much more negative (��1.0 V vs.
SCE) than at Pt electrodes, for which hydrogen evolution starts at
around�0.2 V [25]. The positive potential limit was essentially the
same at both electrodes. Background currents obtained with C/Pt
electrodes are much lower than those obtained at C/Au electrodes.
The higher background current at the C/Au electrode is related



Fig. 2. Cyclic voltammograms (normalised to geometric area of the electrodes)

obtained with carbon-coated Pt quartz crystal electrode in 0.1 M KCl at 25 8C; 5

scans at 20 mV s�1.

Fig. 3. (A) Cyclic voltammograms of 5 mM Ru(NH3)6
3+ in 0.1 M KCl at C/Au electrode

(after base line subtraction) at scan rates from 0.01 to 0.05 V s�1 (a–e); and

dependence of peak current on the square root of scan rate, (B) simultaneous

frequency change, Df, vs. potential recorded from 0.01 to 0.05 V s�1 (a–e).
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with the oxidation/reduction of functional groups in the carbon
film. This behaviour and magnitude of current are in agreement
with other studies with pyrolytic carbon films [26]. The back-
ground current at C/Pt was lower, attributed to the formation of
non-electroactive carbon structures when coating the Pt substrate
with carbon film (see below also).

Thus, the two carbon modified electrodes, C/Au and C/Pt, show a
wide potential window. The potential range of ��0.9 V to +0.8 V
for C/Au is less than that of C/Pt which has ��1.0 V to +1.0 V. This
widening of the negative potential range represents a great
enhancement in the possible applications of electrodes used in
EQCM studies.

3.1.2. Determination of electroactive area

Standard electroactive species were used to investigate the
kinetic behaviour of model redox species and to determine the
electroactive area of the new carbon modified quartz crystal
electrodes.

Fig. 3A illustrates results obtained using cyclic voltammetry for
reduction of 5 mM of hexaaminoruthenium(III) in 0.1 M KCl at C/
Au electrodes; similar experiments were conducted for the
reduction of 5 mM of hexacyanoferrate(III) in 0.1 M KCl electrolyte
solution. The principal parameters obtained are summarised in
Table 1. The expected characteristic peaks for reduction and
oxidation of the electroactive species were observed in the
voltammograms, with a slightly increased peak separation on
increasing scan rate. Peak currents follow a linear relationship with
the square root of the scan rate, as shown in the inset of Fig. 3A, and
the ratio of peak currents is close to one, as predicted for the two
redox systems under study.
Table 1
Parameters obtained from the cyclic voltammograms of 5 mM [Ru(NH3)6]3+ and [Fe(CN

v/V s�1
øIpc/Ipaø DEp/V

[Ru(NH3)6]3+ [Fe(CN)6]3� [Ru(NH3)6]

0.010 0.88 1.74 0.095

0.015 0.84 0.87 0.103

0.020 0.84 0.97 0.107

0.025 0.85 0.99 0.111

0.030 0.86 0.96 0.119

0.035 0.88 0.99 0.123

0.040 0.88 0.99 0.127

0.045 0.89 0.99 0.131

0.050 0.90 0.98 0.131

0.075 0.92 0.98 0.153
The standard rate constant, k0, was estimated according to
Nicholson’s method from the anodic and cathodic peak separation
[27], giving values between (1.2 and 2.2) � 10�3 cm s�1, which are
lower than at the Au crystal (around 4.0 � 10�3 cm s�1 for the two
redox systems), so that the kinetics is slower at C/Au than at Au.
However, this commonly happens at carbon electrodes [20].

The electroactive areas of the electrodes were calculated from
the reduction and oxidation peak currents obtained by cyclic
)6]3� in 0.1 M KCl at C/Au electrode.

k0 � 103/cm s�1

3+ [Fe(CN)6]3� [Ru(NH3)6]3+ [Fe(CN)6]3�

0.112 2.04 1.24

0.116 2.21 1.25

0.120 2.36 1.41

0.120 2.54 1.57

0.128 2.08 1.34

0.136 2.12 1.34

0.136 1.87 1.43

0.140 1.91 1.51

0.144 2.02 1.54

0.148 2.20 1.81



Fig. 4. AFM topographical images of Au crystal in (A) 2D and (B) 3D.

E.M. Pinto et al. / Applied Surface Science 255 (2009) 8084–8090 8087
voltammetry, using the Randles–Sevick equation for reversible
systems [25]:

Ip ¼ 2:69� 105n3=2ADO
1=2½O�1v1=2 (1)

where Ip is the peak current, A is the electroactive area,
and DO the diffusion coefficient of hexaamineruthenium(III),
9.1 � 10�6 cm2 s�1 [28], or hexacyanoferrate(III), 6.2 �
10�6 cm2 s�1 [29].

From the slope of the lines in the inset of Fig. 3A for
hexaamineruthenium(III) reduction, the electroactive area of the
C/Au electrode was calculated as �0.16 cm2; the same electro-
active area was obtained for hexacyanoferrate(III) reduction. This
electroactive area is �57% of the geometric area of the electrode
(0.28 cm2) and �84% of the calculated electroactive area of the Au
electrode on the quartz crystal (�0.19 cm2). The difference
between C/Au and Au-coated crystals can be attributed to the
fact that carbon sputtered on to the gold film can lead to many
different forms of carbon, including conducting forms of carbon
such as highly ordered pyrolytic graphite (HOPG) [21,30,31] as
well as amorphous graphite and diamond-like carbon, which are
not good conductors, leading to the lower electroactive area
observed on the C/Au electrode.

Unfortunately, the C/Pt electrode led to poorly defined
voltammograms, so that it was not possible to extract any
information concerning the kinetics of the two standard redox
couples, nor of the electroactive area. It suggests that Au substrates
are superior for forming these types of sputtered carbon film.

The EQCM was used to study the reduction and oxidation of
hexaamineruthenium(III) by monitoring the mass change whilst
recording the cyclic voltammograms, as shown in Fig. 3B, which
presents the frequency variation, Dfq, during two potential cycles
at five different scan rates, from 0.01 to 0.05 V vs. SCE. All curves
have a similar shape for all scan rates studied.

It is seen that the oscillation frequency values return to the
initial values after two cycles for all five scan rates, reaching a
maximum change of �14 Hz, indicating that no irreversible
adsorption or desorption occurs on the electrode surfaces.

Contrary to the current response, which increases with scan
rate, Fig. 3A, the maximum change in frequency during scanning
decreases by�2–3 Hz, Fig. 3B, which can be explained by the ionic
concentration gradient close to the surface electrode increasing
with the increase of scan rate.

3.2. AFM surface characterisation

Contact mode atomic force microscopy was used to examine
the local morphological structures of unmodified Au and carbon
film modified Au crystals in order to ascertain the differences
between these two surfaces. Figs. 4 and 5 show 2D and 3D images
of the Au and C/Au surfaces, respectively.

The images reveal that the Au crystal, Fig. 4, has a more regular
and lower dimension of the nanostructures formed as well as a
lower roughness and greater uniformity on the crystal surface,
than does C/Au coated crystals, Fig. 5. It is clearly noticeable that
the maximum height is higher on the C film from C/Au crystal,
more than two times that of the height of the Au film surface.

The mean roughness, Ra, defined as the average absolute
deviation of the roughness irregularities from the mean line over
one sampling length [32] was found to be �3.8 nm on the C film,
which is more than three times that of the Au film,�1.1 nm. These
parameters were determined from an area of 9 mm2, as shown in
Figs. 4 and 5.

The structural differences obtained with the C/Au film are due
to the formation of various different forms of carbon by sputtering,
as discussed above.
In recent work [26] carried out with carbon film electrodes
made from carbon film resistors of various nominal resistances,
produced from the pyrolysis of methane, the same behaviour was
found. It was revealed that the carbon films on the ceramic
substrates can include different types of carbon, the graphitic
structure being larger in proportion than the other types of carbon.
On electrodes of higher nominal resistance greater roughness in
the AFM images and less well-defined electrochemical profiles
were obtained, which were related with the structural composition
of the film. In the films studied here, there was probably a larger
amount of amorphous carbon and other types of non-conductive
carbon, leading to lower electroactivity.

Long-term stability of these carbon-coated crystals has been
observed - there is evidence of good adherence of the carbon films,
in these morphological and also in the electrochemical studies,
which results from the high sputtering energy applied, 1 keV,
permitting ‘‘injection’’ of carbon atoms into the gold (or platinum)
film, and carbon atom intercalation with gold (or platinum) atoms
on the surfaces. The roughness of the metal substrate film also
plays an important role since the carbon atoms can fill the cavities
creating stronger adherence.

3.3. Electrochemical impedance spectroscopy

The interfacial characteristics of the Au and carbon-coated
metal electrodes were studied by EIS. Experiments were carried
out at applied potentials from +0.5 to 0.0 V vs. SCE, chosen after
analysing the cyclic voltammograms (see Fig. 1). This potential



Fig. 5. AFM topographical images of C/Au crystal in (A) 2D and (B) 3D.

Fig. 6. Complex plane impedance plots in 0.1 M KCl of: (A) Au, (B) C/Au and (C) C/Pt

electrodes at (~) 0.00 (*) +0.25 and (&) +0.50 V vs. SCE. Lines represent the fitting

to equivalent electrical circuits in Fig. 7.
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range allows a detailed comparison between C/Au and Au
electrodes and comparison with C/Pt. Spectra recorded at +0.50,
+0.25 and 0.0 V vs. SCE are shown in Fig. 6.

Modified Randles circuits were used to model the spectra at all
electrodes, Fig. 7A and B, in which the CPEf represents the
capacitance of the film and Rf its resistance. The other part of the
circuits represents the charge transfer resistance, Rct, and the
double layer capacitance, Cdl, or CPEdl in the case of Au electrodes.
The constant phase element CPE = {(C iv)n}�1 models a non-ideal
capacitor in all cases and was found to be necessary due to the non-
homogeneity of the surfaces; values of n between 0.5 (porous
electrode) and 1 (smooth electrode) are possible. The equivalent
circuit used, in Fig 7B, to model the C/Au and C/Pt electrodes is used
mostly in cases of organic coatings on metal surfaces [33,34],
chosen here since the carbon-coated electrodes can be expected to
have similar electrical characteristics to the organic coatings, also
deposited on metal substrates. It is also considered that they have a
low porosity, justifying the need for (RctCdl).

Table 2 summarises circuit component values obtained by
fitting the spectra at all potentials studied. The n exponent has a
typical value of �0.80 for C/Au, C/Pt and Au electrodes. Values of
cell resistance, RV, were �49 and �47 V cm2 for C/Au and Au
electrodes and �72 V cm2 for C/Pt.

The OCP were 0.19, 0.15 and 0.11 V vs. SCE for C/Au, C/Pt and Au
electrodes, respectively. Table 2 shows that between the limits of
the potentials defined by the OCP for all electrode assemblies, i.e.,
between +0.10 V and +0.20 V, the capacitance and resistance
values do not change significantly for each electrode.



Fig. 7. Equivalent circuits used to fit the impedance spectra (A) Au electrodes and (B)

C/Au and C/Pt.

Table 2
Equivalent circuit modelling of the impedance spectra in Fig. 6, using the equivalent circuits shown in Fig. 7A (Au) and 7B (C/Au, and C/Pt).

E/V vs. SCE Cf/mF cm�2 sn�1 Rf/kV cm2 Cd/mF cm�2

(CPEdl/mF cm�2 sn�1 for Au)

Rct/kV cm2

Au C/Au C/Pt C/Au C/Pt Au C/Au C/Pt Au C/Au C/Pt

0.50 5.03 206 7.55 0.03 241 6.74 2.19 3.06 2.32 34.9 1090

0.40 4.93 214 7.61 0.16 240 3.61 1.02 3.13 4.01 75.6 1040

0.30 5.41 196 7.75 0.03 232 3.10 2.24 2.14 5.64 12.2 1070

0.20 5.55 176 8.97 0.04 196 3.63 1.70 4.01 3.83 16.0 728

0.10 5.81 174 8.29 0.03 215 4.03 1.70 3.43 3.08 16.4 893

0.00 6.34 158 8.81 0.04 215 4.10 1.47 3.91 3.23 23.0 732
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It is seen from the spectra in Fig. 6, that the carbon coatings
decrease the impedance values. As seen from the values in Table 2,
for the unmodified Au electrode, Fig. 6A, the film capacitance,
expressed by Cf, reaches a maximum value of 6.34 mF cm�2 sn�1 at
0.0 V and a minimum of 4.93 mF cm�2 sn�1 at +0.40 V. However,
the charge transfer resistance, Rct, increases from 2.32 kV cm2 at
+0.50 V to 5.64 kV cm2 at +0.30 V, and decreases again at 0.00 V to
3.23 kV cm2. This increase and the subsequent decrease as the
potential becomes more negative may be due to changes in the
ease of charge transfer.

For the modified C/Au electrode, Fig. 6B, the film capacitance, Cf,
reaches values of almost 40 times higher then those of the pure Au
electrode, with a maximum of 214 mF cm�2 sn�1 at +0.40 V and a
minimum of 158 mF cm�2 sn�1 at 0.00 V. The dependence of the
double layer capacitance with the applied potential has the same
behaviour as for the Au electrode. However, the carbon film coating
has a double layer capacitance approximately three times smaller
than that of bare Au electrodes, and the corresponding Rct was
higher, with a maximum value of 75.6 kV cm2 at +0.40 V and a
minimum of 12.2 kV cm2 at +0.30 V.

The carbon-coated platinum electrodes, C/Pt, were studied in
order to clarify the influence of the metal substrate sputtered on
the quartz crystals on the electrochemical properties of the carbon
film coating. Complex plane spectra for C/Pt are shown in Fig. 6C. It
was observed that the C/Pt electrode presents higher capacitance
values, especially at +0.50 and 0.00 V vs. SCE. Higher charge
transfer resistances were observed at C/Pt compared to C/Au, a
maximum of almost 30 times higher at +0.50 V, and the film
resistance, Rf, at C/Pt was very high, with a maximum value of
241 kV cm2 at +0.50 V. Thus, there is an influence of the
underlying metallic substrate, with C/Au presenting better
electrochemical properties than C/Pt.
Differences in surface area can contribute to the differences in
capacitance and resistance values of carbon-coated and uncoated
electrodes, since the quantitative values of these physical quantities
depend on the electrode area. AFM morphological studies suggest
that both types of carbon-coated electrodes have higher surface
areas than pure metal electrodes, see Figs. 3 and 4, although not all of
this is electrochemically active, as discussed above.

Summarising, the results show that carbon coating of Pt
electrodes leads to a significant decrease of the electrical
conductivity probably due to the formation of non-conducting
carbon species during deposition, which bind to the metal surface.
The decrease of the C/Au electrical conductivity, which occurs to a
lesser extent, can be attributed to difficulties in electron transfer
through the energy barriers at the gold–carbon and carbon-
electrolyte interfaces.

C/Au appears to be preferable for future electrochemical and
EQCM studies than the C/Pt electrode. It has already been used
successfully, as demonstrated here, and future studies will address
how to achieve a good surface activity whilst reducing the
background currents. Besides providing a carbon surface, it also
has a wider potential window than Au electrodes and does not
suffer from the problems caused by the oxidation of gold at around
+0.8 V vs. SCE.

4. Conclusions

Carbon film modified Au- and Pt-coated quartz crystals, C/Au and
C/Pt, have been prepared and characterised electrochemically.
Voltammetric studies show that C/Au and C/Pt have a wider
potential window than without carbon. Calculation of the electro-
active area using model redox couples shows that it is�18% smaller
for carbon-coated Au electrodes compared with bare Au electrodes,
and with slower kinetics. Unfortunately, the C/Pt electrode showed
poorly defined voltammograms, and it was not possible to extract
any kinetic information or estimate the electroactive area.

Electrochemical impedance spectroscopy also shows that the C/
Au electrodes present better electrochemical behaviour than C/Pt
electrodes, which become more resistive after carbon deposition.
This can be attributed to the formation of different carbon/platinum
species during film deposition which can cover the electrode surface.

The results obtained demonstrate the feasibility of the
preparation and development of nanoscale thickness carbon film
modified quartz crystals, with good long-term stability. Carbon/
gold crystals should open up new opportunities for the investiga-
tion of electrode processes at carbon electrodes and for the
application of electrochemical sensing associated with the EQCM.
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