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ABSTRACT: Surface-functionalized multiwalled carbon
nanotubes (MWCNTs) supported Pd,y,_,Ir, binary alloy
nanoparticles (Pd;g_,Jr,/MWCNT) with tunable Pd/Ir
atomic ratios were synthesized by a thermolytic process at
varied ratios of bis(acetylacetonate) palladium(II) and iridium-
(WII) 2,4-pentanedionate precursors and then applied as the
electrocatalyst for the formic acid electro-oxidation. The X-ray
diffraction pattern (XRD) and transmission electron micro-
scope (TEM) analysis showed that the Pd4_,Ir, alloy
nanoparticles with the average size of 6.2 nm were uniformly
dispersed on the MWCNTSs and exhibited a single solid
solution phase with a face-centered cubic structure. The
electrocatalytic properties were evaluated through the cyclic
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voltammetry and chronoamperometry tests, and the results indicated that both the activity and stability of Pd,o,_,Ir,/MWCNT
were strongly dependent on the Pd/Ir atomic ratios: the best electrocatalytic performance in terms of onset potential, current
density, and stability against CO poisoning was obtained for the Pd,lr,;,/MWCNT. Moreover, compared with pure Pd
nanoparticles supported on MWCNTs (Pd/MWCNT), the Pd,slr,;/MWCNT exhibited enhanced steady-state current density
and higher stability, as well as maintained excellent electrocatalytic activity in high concentrated formic acid solution, which was
attributed to the bifunctional effect through alloying Pd with transition metal.
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1. INTRODUCTION

During the past decade, the direct formic acid fuel cell
(DFAFC) has attracted much attention due to its high
theoretical open-circuit voltage (1.48 V) and enhanced proton
transport in the electrocatalyst layer.' ™ Compared with the
usage of methanol in the direct methanol fuel cell (DMFC)
system, the main advantage of applying formic acid as the fuel
in the DFAFC system is the lower fuel crossover through the
polymer membrane.* As a result, the optimal operating
concentration might be increased as high as ~20 mol L7,
thus significantly improving the power density and the energy
conversion efficiency. Furthermore, the formic acid can be
easily handled during the storage and transportation process
because it is nontoxic and inflammable at room temperature.®

Although formic acid is considered as a promising alternative
to methanol in fuel cells, there are still several obstacles
hindering the commercialization of DFAFC. One of the main
challenges is that the anode platinum (Pt), which is currently
considered the best electrocatalyst, tends to be easily poisoned
by intermediates formed during the incomplete oxidation
process of the formic acid.® When applying Pt as the
electrocatalyst, the formic acid mainly occurs via a dual-
pathway mechanism: the adsorbed formate ion produced
through dehydrogenation reaction (direct pathway) is identi-
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fied as the reactive intermediate, while the strongly adsorbed
CO (CO,4) produced through the dehydration reaction
(indirect pathway) is identified as the poisonous intermedi-
ate.”® The formation of CO,q leads to the self-poisoning of Pt
electrocatalysts,” ™" and the elimination of CO,q4 is difficult
unless applying a hi%her potential than that of operating
conditions in DFAFC."

As a potential alternative to the Pt electrocatalyst, Pd that is
almost half the price is believed to promote the formic acid
oxidation (FAQ) through the direct pathway with less CO,q
thus is less vulnerable to COg, poisoning,g’lg’_15 but it
undergoes the deactivation during the FAO process.'*™** To
further improve the electrocatalytic performances of Pd,
alloying with transition metal species'®'*?® is one of the
most effective methods due to the bifunctional mechanism, as
the secondary metal has been proved to promote the
dissociation of water to form adsorbed OH, which can oxidize
CO,q4, to CO,.”*"** Among the various alternatives introduced
in the alloy electrocatalysts, Ir is also reported as a superior
secondary transition-metal component to enhance the catalytic
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properties” because the oxygen species can be formed on the
surface of Ir at relatively low potentials.”* Shen et al.*®
synthesized carbon-supported bimetallic PdIr catalysts with
different atomic ratios through a simple NaBH-reduction
method. When applied for the ethanol oxidation, Pd,Ir/C
exhibited the highest activity and stability. Assumpcao et al.”®
also proved that the enhanced catalytic activity could be
achieved with carbon-supported PdIr alloy nanoparticle
catalysts in the case of ammonia oxidation in alkaline solutions.
On the basis of the previous research works, the superior
catalytic properties of PdlIr alloy nanoparticle catalysts may be
expended to the FAO process. As the catalytic properties of
alloy nanoparticles are greatlzf influenced by the particle
dimensions and compositions,s’ 728 farther studies on optimiz-
ing the ratio of metal components to maximize the FAO
catalytic activity are essential. However, former studies mainly
focused on the compositional effect on the catalytic activities of
bulk electrode, as accurately controlling the composition of
nanoparticles is quite difficult.® Therefore, evaluating the
influence of Pd/Ir ratio within the nanoscales on the catalytic
properties for the FAO process is still a demanding task.

In this study, the novel surface-functionalized multiwalled
carbon nanotubes (MWCNTs) supported Pd,g_Ir, alloy
nanoparticles (Pd;g_,Ir,/MWCNT) with different metal ratios
were prepared and applied as the electrocatalyst for the FAO.
The compositions were estimated by the energy-dispersive X-
ray detector (EDS) analysis and confirmed by the X-ray
diffraction (XRD), together with X-ray photoelectron spectros-
copy (XPS) results. By evaluating the catalytic activity for the
FAO process and stability against CO,q4, within the present
experimental contents, it was found that PdIr,)/MWCNT
exhibited dramatically enhanced electrocatalytic performances
among the various alloy nanoparticles when compared with
pure Pd nanoparticles supported on surface-functionalized
MWCNTSs (Pd/MWCNT).

2. EXPERIMENTAL SECTION

2.1. Materials. Bis(acetylacetonate) palladium(Il) (Pd(acac),,
99%, J&K scientific Ltd.), iridium(III) 2,4-pentanedionate (Ir(acac)s,
Ir 37.5%, Alfa Aesar), tri-n-octylphosphine (TOP, 90%, Alfa Aesar),
oleylamine (90%, J&K scientific Ltd.), Nafion solution (5 wt %,
DuPont USA), and MWCNTs (SHOWA DENKO) were used.
Ethanol, hexane, toluene, formic acid (HCOOH), and perchloric acid
(HCIO,) were purchased from Sinopharm Chemical Reagent Ltd.
without further treatment.

2.2. Synthesis of Pd,qo_Ir,/MWCNT. Pd,,,_ Ir,/MWCNTs (x =
33, 28, 24, 21, and 19) were synthesized through the following steps:
Pd(acac), (0.188 mmol L") and Ir(acac); (0.094—0.047 mmol L")
were dissolved in 1 mL of TOP by sonication and bubbled with high
purity N, for 30 min. The solution was injected into 3 mL of 300 °C
oleylamine under N, flow and kept at 300 °C for an hour. After
cooling to room temperature, 5 mL of hexane and 30 mL of ethanol
were added, and the resulting nanoparticles were collected by
centrifugation. MWCNTs applied as the support material were first
surface functionalized under refluxing in 200 mL of 120 °C and 14 mol
L™" HNO; for 10 h, in order to create surface oxygen-containing
functional groups, which are highly favored for anchoring nano-
particles. The powder was collected on a 250 nm pore membrane filter
and rinsed with ultrapure water several times. Then, 50 mg of surface-
functionalized MWCNTSs were sonicated in 150 mL of toluene
containing 0.25 mL of oleylamine for 4 h, followed by separation from
the solution by centrifugation. The oleylamine-stabilized nanoparticles
and MWCNTs were dispersed in 100 mL of hexane and then
evaporated at 80 °C in air. Finally, the oleylamine and TOP were
removed by low-temperature thermal annealing at 200 °C for 3 h in

air. For comparison, Pd nanoparticles loaded on MWCNTSs were
prepared using the same method.

2.3. Catalyst Characterization. The morphology of Pd,o,_,Ir,/
MWCNT was investigated by a transmission electron microscope
(TEM, JEOL JEM-2100) operated at 200 kV. EDS (OXFORD
instruments) was carried out to evaluate the nanoparticle composi-
tions. Powder XRD measurement was carried out on a Rigaku D/max-
2500 with Cu Ka (a = 1.54 A). XPS (Thermo Fisher Scientific
ESCALAB 250) was performed to analyze the surface characteristics of
the electrocatalysts.

2.4. Electrochemical Measurement. Electrochemical measure-
ments were carried out using a conventional three-electrode cell at
room temperature with an AUTOLAB PGSTAT302N electrochemical
workstation. The counter electrode was Pt foil, and a saturated calomel
electrode (SCE) was used as reference electrode. The working
electrode was prepared by the following procedure. Briefly, 4 mg of
electrocatalysts was mixed with 0.9 mL of ethanol and 0.1 mL of
nafion solution (S wt %, DuPont USA) to form electrocatalyst ink by
ultrasonication. Then 10 L of the ink was casted onto a glassy carbon
electrode (0.071 cm” geometrical area). The electrolyte was 0.1 mol
L™ HCOOH and 0.1 mol L™" HCIO, solution and bubbled with N,
for 30 min before the tests. All the current densities were normalized
to the geometric surface area of the electrode.

3. RESULTS AND DISCUSSION

The composition of the Pd,_,Ir, nanoparticles was estimated
by the EDS analysis, and the atomic ratios were determined to
be Pdg;lrs;, PdyIryg, Pdyglry,, Pdyelr,;, and PdgIre. Figure 1
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Figure 1. (A),(C) HR-TEM images of Pdlr/MWCNT with different
resolutions, (B) the particle size distributions, and (D) the selected
area diffraction pattern.

exhibits the typical HR-TEM images of PdIr/MWCNT
(Pdolr,;/MWCNT), the corresponding particle size distribu-
tion histogram and selected area electron diffraction (SAED)
pattern. As presented in Figure 1A, the nanoparticles ranging
from 3.7 to 12.5 nm are well dispersed on the surface-
functionalized MWCNTSs with an average diameter of 6.2 nm,
and the well-defined crystalline lattice fringes obtained from the
SAED pattern reveal polycrystalline face centered cubic (fcc)
structures of the nanoparticles. The HR-TEM image for a single
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Figure 2. (A) XRD patterns of (a) PA/MWCNT, (b) PdIr;3/MWCNT, (c) Pd;,Ir,s/MWCNT, (d) Pdlr,,/MWCNT, (e) Pdlr,,/MWCNT,
and (f) Pdg,Ir;/MWCNT. (B) The plot of lattice parameter versus Ir concentration.
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Figure 3. XPS spectra of the (A) Pd 3d and (B) Ir 4f regions of (a) Pdg,Ir;;/ MWCNT, (b) Pd,,Ir,e/ MWCNT, (c) Pdylr,,/ MWCNT, (d) Pd,lr,,/

MWCNT, (e) Pdg,Ir,Ir/MWCNT, and (f) Pd/MWCNT.

nanoparticle exhibits interplanar spacing of 0.225 and 0.195
nm, which is slightly larger than the standard value of Pd(111)
and (200) planes (0.224 and 0.194 nm, JCPDS No. 65-6174),
respectively, indicating that Ir atoms probably incorporated into
the Pd lattice and substituted Pd atoms to form a single PdIr
solid solution within the whole atomic ratios.

The XRD patterns of Pd/MWCNT and Pd,y_Ir./
MWCNT with different atomic ratios are presented in Figure
2. The broad diffraction peak centered at ~25.6° is assigned to
the hexagonal structure (002) plane of MWCNTS, and other
peaks at 39.74°, 46.22°, 67.60°, 81.46°, and 85.75° are
attributed to Pd(111), (200), (220), (311), and (222) planes
with fcc crystalline structure (JCPDS-ICDD, card No. 04-802).
The diffraction peaks of Pd,y_,Ir,/MWCNT alloy catalysts are
located at higher 260 values with respect to those of Pd/
MWCNT, demonstrating that the lattice contraction was
caused by the incorporation of a lower d space crystal structure
of Ir (dy;; = 2.217) compared with Pd (d;;; = 2.246).>>°
Furthermore, no diffraction peaks related to Ir or Ir oxide can
be observed, further proving that Ir atoms have inserted into
the Pd lattice to form the alloy. In order to better understand
the alloy structure of Pd;y,_JIr,/MWCNT, the lattice
parameter of Pd_,Ir, with different atomic ratios was
calculated from the (111) crystalline plane applying the
following formula'®

a=+/31/sin0

where a is the lattice parameter; 1 is the wavelength of the X-
ray; and 6 is the angle of the maximum peak. As exhibited in

15225

Figure 2B, a linear relation exists between the lattice parameter
and the atomic concentration of Ir, which indicates that the
Pd,o_,Ir, alloy formed a single solid solution phase according
to the Vegard’s Law.’ The crystalline size of Pdolr,,
nanoparticles estimated by Scherrer’s equation®” from the
(220) plane is 5.7 nm, which is slightly smaller than the TEM
result (6.2 nm).

XPS measurements were performed to determine the surface
chemical states of the alloy nanoparticles. As shown in Figure 3,
the peaks centered at ~335.6 and 340.8 eV are assigned to the
Pd 3ds, and Pd 3d;, core electrons, which are in good
agreement with the previous report.”> The peaks at 60.7 and
63.7 eV in Figure 3(B) are attributed to the doublets of Ir 4f,,
and Ir 4f;/,, which correspond to metallic Ir.>" For Pdlr,,/
MWCNT, Pdlr,,/MWCNT, and PdgIr,,/MWCNT, the
peaks for Pd 3d;/, and Pd 3d;, shift to lower binding energies
compared with Pd/MWCNT. On the contrary, the binding
energies of Ir 4f,, and Ir 4f;,, exhibit a simultaneous increase.
The shifts of the binding energies might be attributed to the
electronic interactions between the Pd and Ir atomic orbital,
leading to electron transfer from Ir to Pd.> However, such
binding energy shifts are not observed in Pdg,Ir;;/MWCNT
and Pd,,Ir,s/MWCNT.

Before analyzing the catalytic properties for the FAO, the
electrochemical active surface areas (ECSAs) of the electro-
catalysts were evaluated by the CO stripping voltammetry tests,
in which CO was adsorbed onto the electrode at —0.15 V by
bubbling the gas through the 0.5 mol L™ HCIO, solution for
30 min. Dissolved CO was subsequently removed while
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Figure 4. CO stripping voltammograms on (a) Pdg;Ir;3/MWCNT, (b) Pd,,Ir,s/MWCNT, (c) Pdylr,,/MWCNT, (d) Pdlr,;,/MWCNT, (e)
Pdg,Ir;,o/MWCNT, and (f) PA/MWCNT at a scan rate of 25 mV s™! in 0.5 mol L™ HCIO, solution.

Table 1. Electrochemical Parameters of Different Electrocatalysts

ECSA onset potential of CO oxidation  peak potential of CO oxidation peak I current 2density peak II current density

electrocatalyst (m* g™) (V vs SCE) (V vs SCE) (mA cm™?) (mA cm™)
Pd¢Ir;;/MWCNT 17.30 0.61 0.73 5.87 1.28
Pd,,Ir,o/ MWCNT 15.64 0.61 0.74 5.03 2.58
Pd,Ir,,/MWCNT 61.16 0.63 0.73 10.88 2.68
Pdlr, /JMWCNT ~ 67.15 0.62 071 12.38 6.69
PdgIr,o/MWCNT 31.52 0.66 0.74 935 5.64
Pd/MWCNT 50.71 0.71 0.76 12.60 12.70
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Figure 5. Cyclic voltammograms on (a) Pdg;Ir;3/MWCNT, (b) Pd,,Ir,s/MWCNT, (c) Pdyelr,,/ MWCNT, (d) Pdylr,;/MWCNT, (e) Pdg,Ir,s/
MWCNT, and (f) PA/MWCNT at a scan rate of 50 mV s™* in 0.1 mol L™ HCIOQ, solution with 0.1 mol L™' HCOOH.
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maintaining the potential at —0.15 V. As shown in Figure 4, CV
curves were recorded from —0.25 to 1.0 V at a sweep rate of 25
mV s~L. The ECSA was determined according to the following
formula®*

QCO

ECSA = ———————
[Pd] x 0.42

where Qg is the stripping charge of CO adsorption (mC/
cm™?); [Pd] represents the Pd loading (mg cm™); and 0.42
represents the charge required to oxidize a monolayer of
adsorbed CO. According to the results, the ECSA obtained for
Pd,lr,/MWCNT (67.15 m* g') is larger than the other
MWCNT-supported alloy nanoparticles and Pd/MWCNT
(50.71 m™ g™'). Furthermore, the onset and peak potential
of CO,4, oxidation on the Pd;y_Ir,/MWCNT negatively shift
compared with Pd/MWCNT (as shown in Table 1), indicating
that the incorporated Ir atoms may facilitate the decomposition
of water to form adsorbed OH species, which then oxidize
CO, to CO, on Pd sites to remove the poisoning
intermediate.>*>*¢

Figure S exhibits the steady-state CV curves of the catalysts
with different elemental ratios for the FAO process. As
evidenced by the literature,”*” an anodic peak appears at
~0.07 V (Peak I) which corresponds to the oxidation of formic
acid through the direct pathway, which is directly oxidized to
CO,. No poisoning intermediate is formed, while another peak
located at ~0.41 V (Peak II) can be mainly attributed to the
indirect pathway. Observed from Figure 5, we can find that Pd/
MWCNT and Pdolr,)/MWCNT exhibit two major voltam-
metric peaks, indicating the direct pathway of FAO occurred on
the surface of these two electrocatalysts, whereas only one peak
at the backward scans can be observed for the other MWCNT-
supported alloy nanoparticle electrocatalysts, which suggested
that the FAO process might proceed through the dual pathway.
Obviously, the dual pathway is not favored for the effective
electro-oxidation of the formic acid.® Compared with Pd/
MWCNT, the Peak I potentials of PdoIr,;/MWCNT shift ~50
mV to the lower values. By comparing the current density at
the potential where Peak I lies among the electrocatalysts, the
largest value was observed with the Pd,glr,;/MWCNT (shown
in Table 1). As Ir has no electrocatalytic activity toward the
FAO,”® the enhancement might be attributed to the
modification in the surface electronic structure of Pd,y,_,lIr,
alloy nanoparticles, leading to optimal adsorbate—metal bond
strength between formic acid and Pd.*® Furthermore, the
Pd;olr,)/MWCNT exhibits comparable catalytic properties
compared with other Pd-base alloy electrocatalysts.>*~*"

The ratio of Peak I to Peak II current densities is an
indication of the direct pathway relative to the indirect pathway,
which suggests the stability against CO poisoning.”> When
comparing Pd/MWCNT and Pdlr,;/MWCNT, the corre-
sponding Peak I/Peak II current ratios are found to be 0.99 and
1.85, respectively, indicating that the indirect pathway for FAO
on Pdolr,; /MWCNT is significantly suppressed. Similar to the
Pt-based electrocatalysts, the mechanism of suppression for
indirect pathway and the facilitation for direct pathway*’ on the
Pd,o,_,Ir, alloy nanoparticles might be described as follows: As
the CO,q4, formation via an indirect pathway requires at least
three adjacent precious metal atoms, the introduction of Ir
atoms formed noncontinuous Pd sites on the surface, thus
highly favoring the direct pathway process for the FAO and
inhibiting CO,4, poisoning.

As described above, the operating concentration can be
significantly increased when applying formic acid as the fuel.
However, higher formic acid concentration might cause positive
shifts of the peak potentials for the FAO due to the CO, 4
poisoning. In order to evaluate the stability of Ptlr alloy
electrocatalysts against various formic acid concentrations,
linear polarization curves are observed in different solutions
(Figure 6). As the concentration of formic acid increased from
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Figure 6. Linear polarization curves of (A) Pd,4lr,;/MWCNT and (B)
Pd/MWCNT at a scan rate of 50 mV s~ with the formic acid
concentration increased from 0.1 to 3.0 mol L™! and (C) the plot of
peak potentials versus formic acid concentrations.

1.0 to 3.0 mol L™, the FAO peak potentials of Pd/MWCNT
shift from 0.09 to 1.11 V, while only 0.47 V shifts from 0.07 to
0.54 V can be observed with the Pd,olr,;,/MWCNT. The
results indicate that Pd,oIr,;/ MWCNT is less sensitive to CO, 4,
poisoning, thus keeping excellent electrocatalytic activity in
high concentrated formic acid solutions.
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The long-term stability of the Pd_,Jr,/MWCNT was
evaluated by the chronoamperometry tests carried out in 0.1
mol L' HCIO, solutions with 0.1 mol L™ HCOOH at fixed
potential of 0.05 V (Figure 7A). The initial high currents are
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Figure 7. (A) Chronoamperometric curves of Pd,Ir,;/MWCNT and
Pd/MWCNT at 0.05 V vs SCE in 0.1 mol L™ HCIO, solutions with
0.1 mol L™" HCOOH. Cyclic voltammograms before and after the
stability test on (B) Pd,elr,,/MWCNT and (C) Pd/MWCNT.

caused by the combination of double-layer charging and formic
acid oxidation. The current quickly decayed due to the
adsorption of poisoning intermediates and reached steady
state after a few seconds, while the initial current density on the
Pd.yIr,;/MWCNT decreased much more slowly than the Pd/
MWCNT, which is attributed to the higher ECSA and less
CO 4 poisoning.30 By comparing the current densities at
10000 s, the Pdulr,)/MWCNT exhibits much larger value

(1.56 mA cm™2) than the Pd/MWCNT (0.08 mA cm™2), which
clearly presents the superior activity of the alloy electrocatalysts.
Furthermore, the CV curves before and after the stability test
were also recorded. As shown in Figure 7(B) and (C), only a
slight decrease in the Peak I current density of Pdolr,,/
MWCNT could be observed after the stability test, while the
current density of PA/MWCNT significantly decreased from
12.60 to 7.04 mA cm™> These results further confirm the
enhanced electrocatalytic activity and stability of Pdlr,,/
MWCNT, suggesting that it is a promising anode electro-
catalyst for the DFAFC.

4. CONCLUSIONS

In summary, PdIr alloy nanoparticles with controllable atomic
ratios were successfully synthesized and supported on the
MWCNTs through an oleylamine-mediated method. As
observed from the HR-TEM images, the Pdy_Ir, alloy
nanoparticles were well dispersed on the surface of the
MWCNTSs with an average diameter of 6.2 nm. Within the
whole atomic ratios, the alloy particles formed a single solid
solution with Ir atoms inserted into the lattice of Pd,
disorganizing the atomic arrangement to decrease the surface
adsorption of poisoning intermediates during the electro-
catalytic process. When applied for the electrocatalysts toward
the FAO process, it was found that the alloy compositions of
Pd,4o_Ir,/MWCNT significantly influence the catalytic per-
formance. Among the samples with controlled atomic ratios,
the Pdolr,) /MWCNT exhibits the best electrocatalytic proper-
ties, with higher catalytic current density and stability against
CO,4s poisoning. Compared with Pd/MWCNT, the Pdlr,,/
MWCNT is less sensitive to the concentration of formic acid in
the electrolyte, maintaining its excellent activity even in 3 mol
L' solutions. Furthermore, the alloy nanoparticle electro-
catalysts also exhibited enhanced steady-state current density
and long-term stability evaluated from the stability test. On the
basis of the results, it can be concluded that the compositional
effect of alloy nanoparticles highly influences the catalytic
properties for the FAO process, and Pd,_,Ir,/MWCNT with
certain atomic ratio might be developed as a promising anode
electrocatalyst for the DFAFC.
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