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In this paper we report on the physical and electrochemical characterization of carbon-supported
materials based on polypyrrole, cobalt and platinum as electrocatalysts for the oxygen reduction
reaction (ORR) in PEM fuel cells. Polypyrrole was polymerized onto carbon black (thermally treated
at 450°C), and modified with cobalt and/or platinum salts, to obtain carbon-polypyrrole-cobalt, carbon-
polypyrrole-platinum and carbon-polypyrrole-cobalt-platinum composites. For comparison, results for
unmodified polypyrrole are also reported. It was shown by XRD that the metal-containing materials
contain metallic particles within the amorphous polymer samples. The morphology of the composite
materials is similar to the carbon support. The platinum-containing materials contain 7% in weight of
this element, cobalt-treated materials have 4% in weight of cobalt, and those treated with both salts
shows 4% in weight of both metals. Thermal stability was confirmed up to temperatures above 200 °C.
It was shown that all materials have electrocatalytic activity for the oxygen reduction reaction (ORR),
with the carbon-polypyrrole-platinum compound (C-Ppy-Pt) showing ORR occurring at highest
potentials (+0.80 V), due to the presence of platinum. Electrochemical stability was confirmed for the
ORR in acid medium. The composite materials were applied as PEMFC cathode catalyst, showing best
fuel cell performance for C-Ppy-Pt.

Keywords: electrocatalyst, oxygen reduction reaction, fuel cells, non-platinum catalyst, polypyrrole,
X-ray diffraction.

1. INTRODUCTION

Fuel cells directly convert the reactants” chemical energy into electrical energy with high
efficiency, high power density, and good environmental compatibility [1-3]. This explains the
increasing attention for fuel cell development, specifically for the polymer electrolyte membrane fuel



Int. J. Electrochem. Sci., Vol. 5, 2010 932

cell (PEMFC), to be applied as power sources for vehicles and portable electronic devices [1-3].
Reliability, cost and durability are important considerations for successful commercialization.

The conventional catalysts for PEM fuel cells are platinum-based carbon-supported
nanoparticles, which may include other metals such as ruthenium [4-8], for both oxidation of the fuel
and reduction of the oxygen at the fuel-cell electrodes. Though platinum-based catalyst shows the
lowest overpotential and the highest stability among the metal catalysts, it is an expensive noble metal
with low abundance. Reducing the amount of platinum catalyst in hydrogen-air fuel cells, particularly
in proton exchange membrane fuel cells (PEMFC~s), has long been an industry goal. Hence, the search
for efficient, durable and inexpensive catalysts as alternatives to Pt and Pt-based materials [9-11].
Although ideally the Pt catalyst should be replaced at both fuel-cell electrodes, the substitution of the
cathode catalyst for oxygen reduction reaction (ORR) with a non-precious material is likely to result in
significantly greater reduction of the Pt needed for fuel cells [12-13].

Recently, cobalt was confirmed as an effective promoter for improving the catalytic activity of
mixed oxides catalysts, pyrolized cobalt and cobalt porphyrins [9,10,13-18]. These last materials are
potential candidates for oxygen reduction reaction catalysts due to presence the of metal-nitrogen bond
[12,16,17]. Oxygen reduction reaction mechanistic studies in the literature have yielded a number of
possible active moieties, including Me—N, centers, graphitized carbon, and transition metal particles.
While the activity of the graphitic phases and transition metal particles is debated in the literature,
there is a general consensus that a central transition metal atom, such as cobalt, bonded to nitrogen in
at least one coordination, does play a role in the electrochemical reduction of oxygen [13,14].
However, durability and cyclic stability have become main drawbacks of metal/porphyrins under
practical fuel-cell operating conditions.

Materials based on intrinsically electroconductive polymers (conjugated heterocyclic
polymers), such as polypyrrole, polyaniline or polythiophene, on its own, with different dopants, or
modified with noble metals, have been shown to have electrocatalytic activity for some specific
reactions [ 14, 18-28], including the ORR.

Recently we have reported on the electrocatalytic activity for the ORR of different conducting
polymers supported on carbon black and modified with either cobalt or nickel, [29-31]. Carbon-
supported polypyrrole treated with cobalt salt (C-Ppy-Co) [30] was shown to have reasonable
electrocatalytic activity, though in a low potential range: The actictivy of these materials is assumed to
be related to the creation of active Co-N sites [13-14]. In this paper, the performance of the C-Ppy-Co
composite is compared to two novels materials: carbon-supported polypyrrole modified with platinum
(C-Ppy-Pt) and with cobalt and platinum (C-Ppy-Co-Pt).

2. EXPERIMENTAL

2.1. Synthesis of the cathode composite

Carbon black was treated thermally at 450 °C during 30 minutes, with the purpose to eliminate
sulphur traces and enhanced the electrocatalytic activity [32-33]. The synthesis of the materials: carbon
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black-polypyrrole-cobalt (C-Ppy-Co); carbon black-polypyrrole-cobalt-platinum (C-Ppy-Co-Pt);
carbon black-polypyrrole-platinum (C-Ppy-Pt) were performed based on previously reported procedure
[14,29-31]. First the precursor carbon black-polypyrrole C-Ppy was prepared [29]. Then 4.5 g of this
material was mixed with 100 ml of distilled water in a three-necked round-bottom flask, stirring for 10
minutes and heated under reflux to 80 °C. For the case of C-Ppy-Co, 25 ml of 0.3 M Co(NO3),-6H,0
was added; for C-Ppy-Co-Pt, a solution of 1.23 g of Co(NO3),-6H,0 and 0.50 g of Pt(NH3)4:- (NO3); in
50 ml distilled water was added; in the case of C-Ppy-Pt, 25 ml of 0.05 M of Pt (NH3)4- (NO3), was
used. In each case, the obtained mixture was vigorously stirred for 30 minutes at 80 °C, followed by
the addition of the reducing agent at 20 ml/min (5.23 g NaBH, and 0.37 g NaOH in 500 ml distilled
water (pH 11.4). The catalysts were filtered and washed repeatedly with distilled water (at 50°C) until
the pH of the filtrate reached 7.0 and dried in air at 100 °C during 24 hrs.

2.2. Preparation of electrodes

Cathode catalyst ink was prepared mixing the prepared composite materials with distilled water
to aratio of 1:10 by weight and with Nafion® solution (5% 1100 Nafion®; Fluka Corporation) to a 1:1
volumetric ratio. The dispersion was ultrasonically mixed for 5 minutes, while being placed in ice to
prevent overheating and minimize evaporation of solvents.

The anode ink was prepared by mixing the anode catalyst (PtRu, 20wt% Pt, 10 wt%
Ru/VXC72; Electrochem) using the same methodology and proportions as for the cathode ink. Using a
micropipette, 2 pl of the cathode catalyst ink was deposited on a rotating disk electrode with a surface
area of 0.071 cm’. Assuming the catalyst ink to be homogeneous, the dry content of amount of catalyst
deposited on the electrode was 47 pg.

2.3. Preparation of MEA

To prepare the gas diffusion layers for anode and cathode, 28 ul of the corresponding catalyst
ink was applied to 1 cm” of teflon-treated carbon paper (Toray), using a camel hair brush. Assuming
the catalyst ink to be homogeneous, the dry content of amount of catalyst deposited on the electrode
was 0.66 mg. The MEA was fabricated by hotpressing the electrodes with previously pretreated and
activated Nafion 115 at 100 °C at 1200 kgem™ for 5 minutes.

2.4. Characterization

Thermogravimetric analysis (TGA) was carried out in nitrogen atmosphere at a scan rate of
10°C/min using a Perkin Elmer TGA7.

X-ray diffraction (XRD) was performed on a Siemens D5000 with Cu k., radiation (Bragg-
Bentano, 10s at 0.02° steps).

The morphological and compositional characterization was performed by Scanning Electron
Microscopy (SEM) on a JEOL JSM-6360 LV with an INCA Energy 200 microprobe.
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Fourier-transform infrared (FT-IR) spectra were obtained by using a Perkin Elmer Spectrum
GX. The tests were performed between 2000 and 650 cm'l, with a resolution of 4 cm'l, a scan rate of
0.63 (cm s)™', and 15 sweeps per sample.

2.5. Electrochemical characterization

A three-electrode electrochemical cell was used with a graphite counter electrode and a
saturated calomel electrode (SCE). Either a stationary or a rotating disk electrode was used as working
electrode, depending on the specific test. An Autolab PGSTAT302N potentiostat was used.

Cyclic voltammetry was carried out in 0.5 M H>SO4 at room temperature at a scan rate of 20
mV/s. Cathodic potentiodynamic curves were obtained at a scan rate of 1 mV/s, using a RDE at 0, 200,
400, 600, 800 and 1800 rpm. Curves were started from the open circuit potential, E,., down to the
potential at which the current density reached is maximum on the ORR peak, as determined from
cyclic voltammetry tests for each sample. Potentiostatic tests were carried out using a stationary
electrode and applying the maximum potential of the ORR peak as determined from cyclic
voltammetry. All potentials are reported vs NHE.

2.6. Fuel cell testing

The fuel cell hardware consisted of a 1 cm? cell with graphite endplates with serpentine gas
channels. After activation of the MEA, fuel cell tests were performed using a Scribner Fuel Cell Test
Station 850C and a Gill AC potentiostat. Flow rates of hydrogen and oxygen were 5 ml s'and 9 mls™,
respectively. I-V curves were measured at room temperature. Ohmic resistance was determined by
electrochemical impedance.

3. RESULTS AND DISCUSSION

3.1. Morphology and elemental analysis

Figure 1 shows SEM images for thermally treated carbon black (fig. 1.a), C-Ppy (fig. 1.b) and
C-Ppy-Co-Pt (fig. 1.c). As for previously reported materials [29-31], the morphology for the polymer-
containing samples is very similar to the carbon black morphology, however, the structure appears to
be less porous, due to the deposited polymer. Small grains with diameters between 0.07 and 0.12 um
are observed for all the materials.

Table 1 shows the chemical composition as obtained by EDAX. As expected, the main element
is carbon, with quantities varying from 82 to 94%wt coinciding with the estimated values (see
experimental section). Also significant quantities of oxygen are found for all samples. The thermal
treatment resulted in an increased oxygen quantity of 8%wt (compared to 6%wt) for carbon black,
assumed to be present as superficial oxygen in the form of oxygen functional groups [32].
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Figure 1. Micrographs obtained by SEM for a) thermally treated carbon black; b) C-Ppy and ¢) C-Ppy-
Co-Pt.

The amount of oxygen increases for metal-polymer-containing samples (compared to carbon
black), which is in agreement with FTIR results, corresponding to CO bonds, as well as metal oxides
or metal hydroxides.

For C-Ppy-Co, cobalt is present in 4%wt, less than expected based on initial reactant ratios.
The same is observed for platinum present in the C-Ppy-Pt sample (7%wt) and Co and Pt, both present
in 4%wt in C-Ppy-Co-Pt. It was not possible to detect the nitrogen content, due to its overlap with the
large carbon peaks.

Table 1. Chemical composition in weight percent as obtained by EDAX.

Weight (% )

Sample C [0) Pt Co Total
Carbon black 94 6 -- -- 100
Carbon black T.T. 92 8 -- -- 100
C-Ppy 90 10 -- -- 100
C-Ppy-Co 86 10 -- 4 100
C-Ppy-Co-Pt 82 10 4 4 100
C-Ppy-Pt 82 11 7 -- 100

3.2. Thermogravic analysis

The results obtained from TGA are shown in figure 2. Carbon black was included as a
reference. It can be seen that the thermal treatment at 450°C increases the thermal stability of the
carbon at high temperatures. C-Ppy, begins to decompose at around 450°C, showing slow mass loss,
possibly related to carbon degradation. C-Ppy-Pt and C-Ppy-Co-Pt show nearly identical behaviour,
both materials begin to lose mass at 350°C, with a slow decomposition at higher temperatures. C-Ppy-
Co begins to decompose at 225°C, after this it has a faster initial mass loss as compared to C-Ppy-Co-
Pt or C-Ppy-Pt samples.
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Figure 2. TGA curves obtained in nitrogen atmosphere.

However, C-Ppy-Co, C-Ppy-Pt and C-Ppy-Co-Pt do not show the rapid decomposition at high
temperature (above 650°C) as observed for untreated carbon black, indicating improved thermal
stability. The decomposition at lower temperatures of these materials is assumed to be related to the
degradation of metal compounds, such as oxides [32]. These materials are thermally stable in the

PEMFC'’s operation temperature range (60 - 100°C).

3.3. FTIR

The FTIR spectra obtained for the C-Ppy-Pt, C-Ppy-Co-Pt, C-Ppy-Co, and C-Ppy are shown in
figure 3. It can be seen that for all samples, most of the bands correspond to carbon black, specifically
bands in the ranges of: 1635-1631 cm™, 1390-1382 cm™', 1124-1116 cm™', 1029-1018 cm™', and 669 -
667 cm™ [35,36].

For C-Ppy (fig. 3.a), there is a small band at 747 cm™ related to C-H vibrations [37,38]. A band
near 1220 cm™ is related to C-N vibration. The strong peak seen at 1602 cm’ corresponds to a C=0
bond and C-N, C-O stretching vibrations can be found at 1132 cm™

It can be observed that for C-Ppy-Co, C-Ppy-Co-Pt and C-Ppy-Pt, (figs. 3.b-d) the spectra are
very similar in shape as for the C-Ppy precursor, but with different intensity for a number of bands.
These intensity changes are most evident at 1635-1602 cm’' (related to C=C and C=O bond), at 1382-
1390 cm™ (CO), and at 1116-1124 cm™ and 1027-1018 cm™ (related to C-N bonds). There is no
indication for a change of the polypyrrole structure due to the modification with Pt or Co.
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Figure 3. FTIR spectra obtained for: a) C-Ppy; b) C-Ppy-Co; c) C-Ppy-Co-Pt and d) C-Ppy-Pt.

3.4. XRD

X-ray diffraction was performed on all samples and results are shown in figure 4. It was found
that Ppy was completely amorphous, while C-Ppy-Pt clearly showed the presence of metallic platinum.
C-Ppy-Co-Pt did not show metallic platinum, however, the presence of bimetallic cobalt-platinum
compounds (PtCo or PtCos) is indicated by a broad peak at 40°, compounds which been reported to
show electrocatalytic activity for oxygen reduction [39-41].
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Figure 4. X-ray diffraction spectra obtained for Ppy, C-Ppy-Pt and C-Ppy-Co-Pt.
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3.5. Electrochemical characterization

The activity of these materials for the oxygen reduction reaction (ORR) was determined by
cyclic voltammetry, see figure 5. The continuous lines correspond to an electrolyte saturated with
oxygen and the dashed lines to oxygen-free atmosphere (under nitrogen). In oxygen-free electrolyte,
curves show typical oxidation and reduction currents due to changes in the oxidation state of
polypyrrole [26,28]. For example, C-Ppy shows polymer reduction and oxidation around 400 mV,
while for C-Ppy-Co this occurs at around 500 mV. C-Ppy-Co-Pt and C-Ppy-Pt curves are very similar
in shape, although the last sample shows higher current densities, indicating higher electrocatalytic
activity.

In order to be able to compare the ORR electrocatalytic activity for the different samples, the
difference between the maximum current density for each ORR peak and the current density in its base
were determined and related to the maximum anodic current density (as a measure for the amount of
polymer). The current difference between maximum and base in the ORR peak was highest for C-Ppy-
Pt (-3.30 mA/cm?), followed closely by C-Ppy-Co-Pt (-1.72 mA/cm?), C-Ppy-Co (-1.19 mA/cm?), and
C-Ppy (0.70 mA/cm?).

The potentials at which oxygen reduction takes place (at maximum current density for ORR
from figure 5) were determined and are also listed in table 2. It can be seen that highest potential is
obtained in the order of C-Ppy-Co-Pt (0.80 V) > C-Ppy-Pt (0.75 V) > C-Ppy-Co (0.31 V).
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Figure 5. Cyclic voltammetry for: a) C-Ppy; b) C-Ppy-Co; c¢) C-Ppy-Pt; d) C-Ppy-Co-Pt, carried out at
room temperature in 0.5 M H,SOy4 at 20 mV/s.
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In order to determine the stability of the materials in the acid environment during oxygen
reduction, potentiostatic experiments were carried out under oxygen (see figure 6), applying for each
sample the potential at which the maximum current density for ORR was observed from cyclic
voltammetry (see figure 4 and table 2). All samples show a small, but continuous decrease in current
density during the 2 days of experiment, possibly related to bonding of cobalt, and/or platinum atoms
to the polymeric chain, with metallic cobalt transforming into Co(Il), with the formation of a
coordination bond between Co(II) and N or O, improving stability for the composite [14].

6=
54

©000000

oo

44 OOOOOOOOOOOOOOOOOOOOOOOOO
0000000

e
o -34
<
.E, o= -
-2d0mA T T e .- - e - - e o
1 — C-Ppy-Co
-1+ -~ C-PP-Co-Pt
! O C-Ppy-Pt
0 8 16 24 32 40 48

Time (hours)

Figure 6. Cronoamperometric curves for C-Ppy-Co, C-Ppy-Co-Pt, and C-Ppy-Pt in 0.5 M H,SO,
under oxygen.

In figure 7 the curves for electrochemical reduction of molecular oxygen in a half cell are
shown for C-Ppy-Co, C-Ppy-Co-Pt and C-Ppy-Pt in 0.5 H,SO., obtained at different rotation speeds,
using a rotating disk electrode (RDE) and a scan rate of 1 mV/s. The experiments were carried out
starting from the open circuit potential (E,) of each electrode until reaching the potential where
highest current density on the ORR peak was obtained.

At overpotentials above 0.43 V for C-Ppy-Co, 0.89 V for C-Ppy-Co-Pt and 0.82 V for C-Ppy-
Pt, the reaction rates are determined by electron transfer. At low overpotentials, below 0.35 V for C-
Ppy-Co, 0.82 V for C-Ppy-Co-Pt and 0.77 V for C-Ppy-Pt, the process is controlled by oxygen
diffusion. Mixed control is observed from 0.35 to 0.43 V for C-Ppy-Co, 0.82 to 0.89 V for C-Ppy-Co-
Pt and 0.77 to 0.82 V for C-Ppy-Pt. Kinetic parameters were obtained from this last interval for each
sample and are presented in table 2 [4,6,10].

C-Ppy-Co has the lowest open circuit potential with 0.76 V vs NHE and C-Ppy-Co-Pt and C-
Ppy-Pt have the same value: 0.98 V. The transfer coefficient values (a) are very similar for all samples.
Tafel slope values of 110 V/dec for C-Ppy-Co-Pt and C-Ppy-Co indicate that the first electron transfer
is the decisive step in the global ORR [4,5], and posibly for C-Ppy-Co-Pt also, having a slightly lower
value (105 mV/dec). C-Ppy-Pt has the highest exchange current density (i,) with 6.3 x 10? mA/cm?,
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followed by C-Ppy-Co-Pt with 5.1 x 10° mA/cm”and C-Ppy-Co with 4.2 x 10 mA/cm?, results which
agrees with those seen in figure 5.

It can be seen from table 2 that the addition of platinum and/or cobalt, not only changes the
potential range for ORR to more positive values, but also the kinetic parameters, Tafel slope and
exchanged current density [29-31]. Based on these data, of the materials studied, C-Ppy-Co-Pt and C-
Ppy-Pt show good performance for ORR. Best performance for RRO, was reported previously for
cobalt-modified polypyrrole (supported on untreated carbon black), which had the most positive
potential (325 mV), followed by unmodified C-Ppy (93 mV), although with lower exchange current
densities, possibly due to the thermal treatment of the carbon black [32,33].
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Figure 7. Results from rotating disk voltammetry at 1 mV/s in 0.5 M H,SO4 saturated with oxygen for:
a) C-Ppy-Co b) C-Ppy-Co-Pt and c) C-Ppy-Pt.
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Table 2. Electrokinetic parameters obtained from RDE experiments.

Eoc -b a iy E (V)
Electrode (V/INHE) (V/dec) (A/em?®) at inax ORR
C-Ppy-Co 0.76 110 0.60 42x10°  0.31
C-Ppy-Co-Pt  0.98 105 0.50 5.1x10°  0.80
C-Ppy-Pt 0.98 110 0.55 6.3x10°  0.75

3.6. Fuel cell performance

Polarization curves and resulting power densities plots obtained from fuel cell tests performed
at room temperature are shown in figure 8.a and .b respectively. The cathode catalyst is one of the
newly synthesized composites, while anodes contain Pt/Ru catalyst.
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Figure 8. Fuel cell performance plots for MEA’s with C-Ppy-Co, C-Ppy-Co-Pt and C-Ppy-Pt cathode
catalyst: a) Polarization curves; b) Power densities.

Highest current densities are obtained for C-Ppy-Pt catalysts. The catalyst generates 0.52
Alem® at 039 V and its maximum power density reached was 0.20 W/em®. The second best
performance was obtained by C-Ppy-Co-Pt, generating 0.35 A/cm” at 0.32 V and a maximum power
density of 0.11 W/em?. C-Ppy-Co produces 0.36 Alem®at 0.127 V, reaching 0.04572 W/em®. The open
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circuits voltages are as follows: C-Ppy-Pt (0.97 V) > C-Ppy-Co-Pt (0.90 V) > C-Ppy-Co (0.75 V) (see
table 3).

Bashyam [14] reported on a composite similar to the C-Ppy-Co catalyst synthesized here,
tested in a PEM fuel cell at a higher operating temperature (80°C) and higher absolute oxygen pressure
(2.8 atm), and obtained 0.2 A/cm” at 0.5 V with maximum power density of 0.14 W/em®. Cobalt-
polypyrrole supported on multiwalled carbon nanotube composite [13] was reported to generate 0.15
Alem?® at 0.5 V at 90°C. C-Ppy-Pt compares favorably to other precious metal-based materials, such as
Pd-Co-Au alloy (0.18 A/cm?® at 0.50V, 60°C, 1.5 atm oxygen back pressure) and Pd-Ti alloy (0.1
Alem?® at 0.50 V, 60°C and 0.2mg/cm?) [42].

4. CONCLUSIONS

The properties and electrocatalytic activity of candidate cathode catalyst for PEM fuel cells,
based on carbon-supported polypyrrole modified with cobalt and/or platinum were studied.

The morphology for all samples was found to be similar, and reflects tha carbon suppor
morphology. It was shown that metallic particles (Pt) and bimetallic particles (PtCo or Pt Cos) are
present in th Pt and Co-Pt containing samples. The thermal and electrochemical stability of the
samples was confirmed for simulated fuel cell conditions. Electrochemical tests, such as cyclic
voltammetry, showed that in the potential range studied, all materials have electrocatalytic activity for
the ORR. The addition of platinum to C-Ppy results in more positive potentials for ORR than for the
addition of Co only. In the case of the combined addition of both metals (C-Ppy-Co-Pt) results are very
similar to the catalyst containing Pt only (C-Ppy-Pt), which has almost double the amount of Pt. The
potential at which ORR occurs was determined to be highest for C-Ppy-Pt, followed by C-Ppy-Co-Pt,
C-Ppy-Co and at last C-Ppy. Kinetic parameters, calculated from lineal voltammetry using RDE, show
that C-Ppy-Co-Pt has highest exchange current densities. It is assumed that the presence of the metallic
particles play in important role in the high electrocatalytic activity of these samples. Based on fuel cell
tests, however, the best composite is the C-Ppy-Pt, showing higher open circuit potential and higher
current densities.
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