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HIGHLIGHTS

e Pt and Pt—Ag particles less than 10 nm were supported on CNT by a sonochemical method.
e Pt/CNT exhibits higher electrocatalytic activity for ORR than Pt—Ag/CNT and Pt/C.
e The Pt-CNT interaction improved the electrocatalytic activity towards ORR.

o A small particle size increases the electrochemical active surface of the catalyst.
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ABSTRACT

In this work, we investigated the effect of the carbon nanotubes (CNT) as alternative
support of cathodes for oxygen reduction reaction (ORR) in alkaline medium. The Pt and Pt
—Ag nanomaterials supported on CNT were synthesized by sonochemical method. The
crystalline structure, morphology, particle size, dispersion, specific surface area, and
composition were investigated by XRD, SEM-EDS, TEM, HR-TEM, N, adsorption-desorption
and XPS characterization. The electrochemical activity for ORR was evaluated by cyclic
voltammetry (CV), linear sweep voltammetry (LSV), and electrochemical impedance
spectroscopy (EIS) in alkaline medium. The electrochemical stability was researched by an
accelerated degradation test (ADT). Pt/CNT showed the better electrocatalytic activity to-
wards ORR compared with Pt—Ag/CNT and Pt/C. Pt/CNT exhibited higher specific activity
(1.12 mA cm™? p;) than Pt/C (0.25 mA cm™? p) which can be attributed to smaller particle
size, Pt-CNT interaction, and Pt load (5 wt%). The Pt monometallic samples supported on
CNT and Vulcan showed higher electrochemical stability after ADT than Pt—Ag bimetallic.
The ORR activity of all materials synthesized proceeded through a four-electron pathway.
Furthermore, the EIS results showed that Pt/CNT exhibited the lower resistance to the
transfer electron compared with conventional Pt/C and Pt—Ag/CNT.
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Introduction

The oxygen reduction reaction (ORR) is a cathodic reaction
that occurs in fuel cells (FCs). However, ORR exhibits a com-
plex kinetics and needs better electrocatalysts [1]. The main
challenge in the development of FCs is the ORR slow kinetic
and larger overpotential that has limited the large-scale
application [2]. The ORR in alkaline media can involve two
parallel pathways (i) Direct four-electron pathway and (ii) In-
direct two-electron-pathway, according to the following
reactions:

0, +2H,0 +4e” <40H  (direct) (1)
0, +H,0 +2e” < HO, + OH™ (indirect) )]
H,0+HO, +2e- —»30H  (indirect) (3)

The mechanism and ORR kinetics are highly dependent of
several factors such as electrode material (structure, stability,
size, etc.) and pH of the electrolyte [3]. The structure charac-
teristics of catalytic surface affects the oxygen adsorption
energy and influences in the efficiency of FCs. For accelerating
this reaction various electrocatalyst have been developed over
the past decades [4]. Pt and Pt-based alloy supported on
Vulcan carbon (Pt/C) are currently considered the best elec-
trocatalyst for ORR. Some alloys of Pt with other metals (Fe,
Co, Ni, Cu, Ag, Pd) to form Pt-based bimetallic or trimetallic
electrocatalysts had also been researched as alternative
cathodes for ORR [5]. Specifically, Ag has been considered as a
promising replacement of Pt for ORR in alkaline medium due
to it is abundantly available in nature, has a relatively low
price, good methanol tolerance and acceptable catalytic ac-
tivity [2,6]. Deng et al. [7] reports that the incorporation of
other metals like Ag in the Pt-based modifies the Pt surface
electronic structure increasing its electrochemical activity for
ORR. Additional reports of the use Ag in cathodes for ORR
indicate an improvement in the electrocatalytic activity for
ORR compared with Pt/C. Pt—Ag nanotubes prepared by a
controlled galvanic technique exhibit an extraordinary ORR
activity in acid medium showing 4.5 times higher than Pt/C
catalysts [8]. According to Esfandiari et al. [9], Ag@Pt/C (1:3)
core-shell electrocatalysts show stability and its ORR activity
proceeded through a 4 e™ reaction pathway. Furthermore, in
alkaline medium, several reports indicated that the use of
silver catalyst can improve the catalytic activity for ORR, for
example, CNTs-Ag/MnO, [2], Ag/C [4], Pt-Ag [10], Ag/B-
MWCNTs [11], and Ag/MWNTs [12]. Additionally, Ag exhibits
enhanced electrocatalytic performance due to it provides
oxygen-containing species to remove CO adsorbed on Pt,
improving the poisoning resistance ability of platinum [13,14].

Carbon nanotubes (CNTs), carbon nanofibers (CNFs), car-
bon aerogels and graphene nanoplates have been researched
as new supports of metallic particles to improve the stability,
uniform distribution, reduce metal particle size, and diminish
the metal loading [15]. Specifically, CNTs are considered as
one of the best choices due to it has high surface area, thermal
conductivity, chemical stability, electrical and ionic conduc-
tivity, and ease for availability, which makes it a suitable

candidate as support of Pt and Pt—Ag for fuel cell applications
[16,17]. Several reports in the literature using CNT as a support
for fuel cells indicated that the unique morphology and one-
dimensional structure provides good electron transfer and
higher electrical conductivity [15]. Also, CNT doped with
phosphorus as support of Pt can promote a low Pt loading and
good electrocatalytic activity for ORR in acidic medium [18].
The functionalization of CNTs with carboxyl functional
groups and nitrogen or indazole groups had also been re-
ported for ORR in PEM fuel cells [15]. Additionally, the doped
carbons materials as either metal-free catalyst have been one
of the recent topics in the catalysts of fuel cell for ORR [19]. For
example, reports of bimetallic and trimetallic samples like
Fe—Co, FeNi, CosSg@Co embedded or implanted in nitrogen-
doped carbon materials show excellent ORR features in alka-
line medium [20—22].

In the present study, the preparation of electrodes-based Pt
on CNTs were performed as an alternative support to increase
the electrochemical activity of Pt for ORR in alkaline medium.
Pt and Pt—Ag nanoparticles were successfully synthesized by
sonochemical method. The effect of support (Vulcan/CNT)
and composition Pt and Pt—Ag on the electrochemical prop-
erties for ORR was investigated. The as prepared Pt catalysts
showed that Pt/CNT exhibits better properties for ORR
compared with conventional Pt/C and Pt—Ag/CNT due to the
small Pt particle size, composition and higher dispersion
obtained.

Experimental methodology
Chemicals

Chloroplatinic acid hexahydrate (H,PtClg-6H,0), silver nitrate
(AgNOs) and isopropyl alcohol (C3HgO) for the synthesis of Pt
and Pt—Ag nanoparticles were purchased from Sigma Aldrich.
The substrates were commercial samples: carbon Vulcan
XC72R (Fuel Cell Store), and open carbon nanotubes (Sigma
Aldrich). 5 wt% solution of Nafion, and potassium hydroxide
85% (KOH) for the electrochemical test were purchased from
Sigma Aldrich. Distilled water was used as solvent.

Materials preparation

Pt/CNT, Pt—Ag/CNT, and Pt/C electrocatalysts were synthe-
sized by sonochemical method using a theoretical 10 wt%
metal load [23]. Bimetallic sample was prepared by using a
mass ratio (1:2) of Pt—Ag supported on CNT. Briefly, 50 mL of
H,PtCls-6H,0 solution (1 x 1073 M) was mixed with 50 mL of
isopropyl alcohol. The carbon support (Vulcan XC 72R or CNT)
was added to the Pt solution under sonication for 5 h at room
temperature and nitrogen atmosphere, using an ultrasonic
bath (42 kHz). The solvent was removed by evaporation all
night recovering the precipitate. In the case of Pt—Ag/CNT, the
bimetallic nanomaterial was prepared with 25 mL of AgNO,
solution, mixed with a platinum alcoholic solution at the
same concentration, and following the same sonochemical
methodology described. An illustration of the synthesis
methodology is presented in Fig. 1.
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Structural characterizations

The crystalline phases presented on the supports and elec-
trocatalysts were identified by X-ray diffraction (XRD) using a
PANalytical Model Empyrean diffractometer. Textural prop-
erties (surface area, pore volume, and pore size) were deter-
mined by nitrogen adsorption-desorption with a
Micromeritics (TriStar II Plus, Norcross, GA, USA). The samples
were degassed at 200 °C for 2 h under a vacuum. Nitrogen
adsorption isotherms were measured at liquid nitrogen tem-
perature (77 K) with nitrogen pressures ranging from 10 to 6 to
1.0 P/PO. The specific surface area was obtained by the Bru-
nauer—Emett—Teller method (BET) and the pore size distri-
bution following the Barret—Joyner—Halenda (BJH) method.
The morphology of samples synthesized was investigated by
scanning electron microscopy (SEM) analysis using a field
emission scanning electron microscope Zeiss® Sigma HD VP.
The elemental composition was determined by EDS using a
JEOL scanning electron microscope (model JSV-6610LV). The
particle size and metal dispersion were analyzed by trans-
mission electron microscopy (TEM) using a JEOL 1010 trans-
mission electron microscope operated at 80 kV. High
resolution TEM images (HRTEM) were obtained by using a
transmission electron microscopy (Jeol, JEM ARM200F, Boston,
MA USA) operated at 200 kV. The X-ray photoelectron spec-
troscopy (XPS) analysis (K-Aplha + TM X-ray photoelectron
spectrometer system-Thermo Scientific) was performed to
determine the chemical state of the platinum deposited on the
supports and the elemental analysis of the electrocatalysts.
The analyses were carried out by using a Ko radiation of
1486.6 eV. The binding energy (BE) shift was corrected with
reference to the Cls BE (284.8 eV).

Electrochemical characterization

The electrochemical activity of Pt/CNT, Pt—Ag/CNT, and Pt/C
towards ORR in alkaline medium was investigated at room
temperature by cyclic voltammetry (CV) and linear sweep
voltammetry (LSV) techniques using a conventional three-
electrode cell connected to a Gamry Instruments potentio-
stat/galvanostat. A glassy carbon electrode (0.196 cm?), a
graphite bar, and a saturated calomel electrode (SCE = 0.24 V
vs NHE) were used as the work, counter, and reference

electrodes, respectively [24]. All potentials were referred to the
reversible hydrogen electrode (RHE). The catalytic ink was
prepared with 3 mg of catalyst, 400 uL of isopropyl alcohol and
2.0 pL of Nafion solution (5 wt %). This suspension was soni-
cated for 1 h, and 10 uL of the ink were deposited on the sur-
face of working electrode (0.38 mg cm 2 was the net load of
catalysts on the gassy carbon electrode). Before the ORR test,
30 cycles of CV were performed to stabilize the current-
potential signal in nitrogen atmosphere at 50 mV s~*. The
potential range of CV used in alkaline electrolyte was from
0.05 to 1.2 V/RHE. The LSV was obtained using a rotating disk
electrode (RDE) in alkaline electrolyte saturated with oxygen
at different rotating rated (200, 400, 900, and 1600 rpm) at scan
rate of 5 mV s An electrochemical stability test was per-
formed by cycling between 0.6 and 1.0 V for 2000 cycles in the
O,-saturated 0.5 M KOH solution at scan rate of 50 mVs ..
Cyclic voltammetry in N, atmosphere as well as a LSV at
900 rpm in O, saturated alkaline electrolyte was obtained
before and after 2000 cycles [25]. Additionally, electrochemical
impedance spectroscopy (EIS) was employed to evaluate the
catalysts in terms of their charge transfer resistance. EIS ex-
periments were performed at potential of E = 0.92V/RHE, after
a pre-polarization at the same potential for 120 s. During the
EIS analysis, the working electrode was rotating at 1000 rpm.
The amplitude of the signal perturbation was 100 mV and the
frequency range from 20 kHz to 10 mHz.

Results and discussion
Characterization

Fig. 2 (a) shows the XRD results of Pt/C, Pt/CNT and Pt—Ag/CNT
in the range of 26 between 10 and 80°. The face-centered cubic
(fcc) structure of Pt was observed around 39.9°, 46.2° and 67.5°
of 26 values correspond to the (11 1), (200), and (2 2 0) planes
in three samples synthesized (JCPDS No. 4—802). Pt—Ag/CNT
diffraction peaks presented a downshift of the Pt peaks to
lower diffraction angles compared with Pt monometallic cat-
alysts, for example, in the pattern of Pt—Ag/CNT, the peak of
plane (1 1 1) is near 2theta = 39.2° compared with Pt pure
(39.9°). According to literature, this effect can be attributed to
the incorporation of Ag atom into Pt metallic structure in the

\ g
25mL Hz2PtCls 25 mL AgNOs b is&pfqg)?“alg?%l/?l
1x10°M 1x10°M CNT y ~/
N, RT : PA‘E
I} 4 N £ A
4 => = "
Pt-Ag/CNT

Fig. 1 — Illustration of the synthesis of Pt—Ag/CNT by chemical reduction using sonochemical method at RT in nitrogen

atmosphere.
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Fig. 2 — (a) XRD results, (b) N, adsorption-desorption isotherms and (c) the pore-diameter distribution plot of Pt/CNT, Pt—Ag/
CNT and Pt/C electrocatalysts prepared by sonochemical method.

Pt—Pt lattice distance [25—28]. The peak around 25.75° corre-
sponds to the diffraction (002) plane of the carbon, which is
observed with higher intensity in the catalysts supported on
CNT compared with Pt/C. The peaks at 43°, 53.5°, and 77.3° are
associated with (1 0 0), (0 0 4) and (1 0 0) graphite structure,
respectively [29]. Additionally in the Pt—Ag/CNT others peaks
around to 27°, 32°, 54° and 57° of 20 were detected, they cor-
responded to the AgCl crystals (JCPDS No. 31—-1238). Similar
findings were reported by Duok et al. [30], they indicated that
the formation of AgCl is due to the galvanic replacement re-
action between metallic silver and platinum ions. The pres-
ence of AgCl has been associated with the formation of the
bimetallic catalysts [31].

The crystallite size of nanoparticles was calculated based
on the reflection from the main (1 1 1) crystallographic plane
by using Scherrer equation [15]. Table 1 shows that the Pt—Ag/
CNT (13.7 nm) bimetallic sample exhibits higher crystallite
size compared with monometallic Pt/CNT (8.1 nm) and Pt/C
(10.1 nm). Similar results of higher crystal size in silver elec-
trodes compared with platinum are reported in the literature
[7,9,24,27].

The pore structure of a carbon support reflected the capa-
bility of the water transport property of Pt structure for cath-
ode side of the PEMFC. That means that the support with a
high surface area and large pore volume is desired as well as
excellent electrical conductivity [9].

Fig. 2 (b) shows the adsorption/desorption isotherms ob-
tained by nitrogen physisorption for the supports (Vulcan and
CNT) and Pt/CNT. Results indicated that the three materials
exhibited an isotherm type III, this characteristic is indicative
of weak interactions between the adsorbate and the adsor-
bent. Furthermore, the monolayer density is unequally
distributed on the most active areas [32]. The Vulcan support
(189 m? g %) have a higher specific surface area than CNT
(172 m® g). The lower specific surface area of Pt/CNT
(142 m? g %) indicated that various Pt nanoparticles were
accumulated inside of some pores of CNT. Similar specific
surface area for supports have been reported by others [33].
Furthermore, an increase in the adsorption volume is
observed in inverse order to the value of the specific area. In
Fig. 2 (c) was observed that the materials have a monomodal

Table 1 — Physical and electrochemical properties of
catalysts synthesized by sonochemical method.

Electrocatalyst Pt/CNT Pt—Ag/CNT Pt/C
Crystal size (nm) 8.1 13.7 10.1
Particle size (nm) 5.44 8.25 4.11
% wt* 5.5 1.2:0.99 6.4

% wt” 5.9 1:0.44 7.8
Pt(0) 4¢ (eV) 71.12 72.73 71.07
Pt(Il) 45, (eV) 71.84 71.13 71.61
ECSA (m? g 5 26.9 - 122.01
n 3.8 3.4 3.5
E12 (V) 0.080 0.008 0.072
Tafel slope (mV dec™?) —-100 —68 —66
jx at 0.9 V(mA cm 2 4,) 1.06 0.406 0.99

& EDS results.
® XPS analysis.

pore diameter distribution that goes from 1 to 169 nm, which
can effectively promote the mass transport during the catal-
ysis process [22].

The morphology and elemental composition of Pt/CNT,
Pt—Ag/CNT, and Pt/C were investigated by SEM micrographs
and EDS (Fig. 3 and Table 1). The morphology of CNT was
clearly distinguished from spherical form of Vulcan carbon by
SEM images, the CNT are several micrometers in length
compared to Vulcan. EDS results demonstrated that the Pt
nominal content for Pt/C and Pt/CNT was 6.4 and 5.5 wt%,
respectively. The bimetallic sample showed a composition for
Ag and Pt of 1.2 and 0.99 wt%, respectively. These results
demonstrated that the nominal metal is lower than theoret-
ical value (10 wt%), which can be related to the synthesis
method as well as the growth of Pt nanoparticles that depends
on the physical properties of supports (textural, structural,
morphology or functional surface groups) [34].

Fig. 4 displays the TEM and particle size distribution his-
tograms of samples prepared. Metallic particles of Pt and
Pt—Agin a spherical morphology distributed onto the different
support were observed. Pt/C and Pt/CNT monometallic sam-
ples exhibited a higher dispersion compared with Pt—Ag/CNT
bimetallic sample. Table 1 reports the particle size results
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Fig. 3 — SEM micrographs and EDS analysis of Pt/CNT, Pt—Ag/CNT and Pt/C electrocatalysts prepared by sonochemical

method.

indicating that monometallic samples Pt/C and Pt/CNT pre-
sent a smaller particle size compared with Pt—Ag/CNT. The Pt
and Pt—Ag particle size follow the same tendency than the
crystallite size calculated by Scherrer equation. These TEM
results means that the presence of Agnanoparticles favors the
aggregation of metal particles. Similar results are reported by
others, who indicated that it is still a challenge to control the
size distribution and avoid the aggregation of the Ag nano-
particles, especially in the case of ultra-high Ag loading on
carbon supports [4]. According to literature, Ag has similar
lattice constant matching with Pt, this feature can facilitate
the growth of Pt—Ag alloy which possesses remarkable ther-
modynamic stability [35]. Also, the Ag—Pt nanoparticles pre-
sent several advantages: there is a reduction of the poisoning
effect; catalytic properties are improved; silver —base nano-
particles are competitive alternative to Pt [36]. Moreover, the
relevance of study AgPt nanoparticles for electrocatalysis is
because that they exhibit strong electronic producing a strong
enhancement of catalytic activity [37]. Additionally, in this
work the Pt and Pt—Ag nanoparticles prepared by sono-
chemical method are smaller than 10 nm.

Fig. 5 shows the high-resolution TEM (HRTEM) images
collected from Pt/CNT, Pt—Ag/CNT and Pt/C. The interplanar
spacing's of Pt is 0.22 nm that corresponds to (1 1 1) lattice
plane of face-centered cubic (FCC) structure founded in Pt/
CNT as well as Pt/C. CNT showed a lattice spacing of 0.34 nm
that corresponds to (0 0 2) lattice plane of graphite of carbon
nanotube [2,8,25,38]. According to literature Ag nanoparticles
can exhibit an interplanar spacing of 0.21, 0.12, 0.132, and

0.223 nm which are assigned to the (200),(311),(111)and (22
0) lattice planes of FCC structure [39]. Due to Ag has similar
lattice constant matching with Pt, this feature can facilitate
the growth of a core-shell structure of Ag—Pt nanoparticles
forming agglomerates of up to 100 nm as it is observed in Fig. 5
[9,35].

The XPS results of platinum (Ptsf) region for samples pre-
pared Pt/CNT, Pt—Ag/CNT and Pt/C are shown in Fig. 6. XPS
analysis were carried out to evaluate the surface composition
and valence state of the samples. XPS results were reported in
Table 1. Three electrocatalysts shows the signals correspond
to metallic and oxidized platinum. The Pt 4f peaks are
analyzed by deconvolution and the curves involve three
doublets, each one can be ascribed to the dominant metallic Pt
(0), Pt(II) of Pt(OH), and Pt(IV) species [26]. The Pty peaks of Pt/
CNT (71.12 eV) presented a positive shift compared with Pt/C
(71.07 eV) which can be associated with the interaction Pt-
support. According to literature a positive shift of binding
energy suggest that the d-band center of Pt moves down-
wards, which will reduce the binding strength of oxygenated
species producing an increase of ORR activity [25]. Also, this
positive shift is associated to a decrease in the electronic
charge density of the Pt atoms due to Pt-support interactions
[32,40]. The presence of Pt oxide was observed around 71.13 eV
(Pt—Ag/CNT), 71.61 eV (Pt/C) and 71.84 eV (Pt/CNT), which
coincides with that reported in the literature [32]. The Pty
peaks of Pt—Ag/CNT (72.73 eV) shows a more positive shifts
compared to Pt/C and Pt/CNT, which can be related with the
electronic interaction effect of bimetallic nanostructures [8].
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Fig. 4 — TEM and particle size distribution histograms of Pt/CNT, Pt—Ag/CNT and Pt/C.

The Ag 3d spectra of bimetallic sample show a binding energy
of 379.98 eV (Ag 3ds,) and 367.2 eV (Ag 3ds,,) which can be
associated to Ag (I) [41]. XPS mass percentage analysis
confirmed that Pt content in bimetallic sample is lower than
monometallic catalysts: Pt—Ag/CNT (1:0.44%) < Pt/CNT

(5.9%) < Pt/C (7.8%). These percentage load determinated by
XPS are agreed with EDS results (Table 1). These findings are
related to the metallic-support interactions which are
strongly dependent on the composition and intrinsic proper-
ties of the supports.
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Fig. 5 — HRTEM images of Pt/CNT, Pt—Ag/C and Pt/C electrocatalysts synthesized by sonochemical method.

Electrochemical performance

Fig. 7 (a) presents the CV curves of Pt and Pt—Ag materials
synthesized and tested in Nj-saturated 0.5 M KOH solution at
scan rate of 50 mV s~! at room temperature. The materials
prepared exhibited the typical fingerprint of Pt nanoparticles in
alkaline medium which is characterized by the hydrogen
adsorption/desorption on the Pt surface ascribed to the current
peaks between 0.05 and 0.3 V/RHE, the double layer appears in
the range 0.4—0.6 V/RHE, and the adsorption of hydroxyl spe-
cies (OHaqs) on the catalysts surfaces takes place in the range of
0.7—1.2 V/RHE [10]. The hydrogen adsorption-desorption region
is smaller in the Pt/CNT compared with Pt/C, which can be
related to the Pt particle size, metal dispersion and lower Pt load
onto the support. In the case of Pt—Ag/CNT the region of
hydrogen is not well defined which can be attributed to low
loading of Pt-Ag according to EDS results.

Fig. 7 (a) was used to determine the electrochemical active
surface area (ECSA) data of Pt. The ECSA (cm?mg™) = Q/
[(0.210)(m)(v)], where the Q (C) is the coulombic charge,
0.210 mC m~? represents the charge required to oxidize a
monolayer of H, and is used as the conversion factor, m is the
amount of Pt on the electrodes obtained from the chemical
composition (mg), and v the scan rate (0.05 V s~ [42]. Table 1
shows the ECSA values obtained for Pt/C (122.01 m%g) was
higher than Pt/CNT (26.9 m?%g). Similar ECSA data of Pt

electrocatalysts for ORR are reported by others [4,7—-9,25,28].
According to literature, higher ECSA indicates that Pt/C has
the largest number of available active sites for oxygen
adsorption [7]. In the case of Pt—Ag/CNT the ECSA value was
not calculated due to the hydrogen adsorption-desorption
region is not well defined which is associated with a poor
Pt—Ag load and dispersion.

Fig. 7 shows the ORR polarization curves obtained on (b) Pt/
CNT, (c) Pt—Ag/CNT and (d) Pt/C in oxygen saturated 0.5 M
KOH by using different rotation rates (w). The LSV curves ob-
tained are characterized by three regions, I) the kinetic region,
where the current (ix) is independent of the rotating rate; (II)
the mixed control region, where both kinetic and mass
transfer phenomena occur; III) the mass transfer region,
where the diffusion limiting current, i3, depends on the rota-
tion rate, which means that the limiting current density in-
creases with the increasing rotation rate [19]. However, in the
case of the Pt—Ag/CNT sample (Fig. 7 c) the limiting current
plateau corresponding to the diffusion-limited current density
is not well defined at 900 and 1600 rpm, which can be related
with the low Pt—Ag load.

To further comparing the ORR electrocatalytic activity of
electrocatalysts studied, Fig. 8 (a) displays the LSV of samples
synthesized at same rotating rate of 900 rpm. Results clearly
show that the ORR in the activation region is more favorable
on Pt/CNT electrocatalyst, and it shows the more positive
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Fig. 6 — High-resolution Pt 4f spectra of Pt/CNT, Pt—Ag/CNT and Pt/C electrocatalyst and Ag 3d spectra of bimetallic Pt—Ag/

CNT sample.

onset-potential compared with the Pt/C and Pt—Ag/CNT. The
most positive half wave potential (E;;) of Pt/CNT (0.08 V)
demonstrated superior activity for ORR than Pt/C (0.072 V) and
Pt—Ag/CNT (0.008V). These results are related to the small Pt
particle size, higher dispersion, Pt load and Pt-CNT interaction
compared with Pt—Ag/CNT. As it is well known, electro-
catalytic ORR in alkaline medium is a multi-electro reaction
that has two main possible pathways: one direct of two elec-
trons to product ion peroxide HO; and other involving a direct
four-electron route to produce OH~ (Egs. (1)—(3)) [8]. The
number of electrons transfer during the ORR process on RDE
for samples prepared were estimated by the Koutecky-Levich
(K-L) Eq. (4):

11,1 1, 1 @
j Jk ja Jjr 0.2nFD23y-1/6Cw-1/2

where 0.2 is a constant used when v (rotating rate of the
electrode) is expressed in rpm; n, the number of electrons

transferred during the ORR process; F, the Faraday constant

(96,485C mol™1); D (1.93 x 10> cm? s™%) and v (0.01 cm? s7?%)
are the diffusion component and the kinematic viscosity,
respectively. C (1.26 x 10~® mol cm—3) is the concentration of
dissolved oxygen and w is the rotation speed (rpm)
[3,11,21,39]. Using these parameters, a series of K—L plot (j~*
vs. w~Y?) at different potentials (0.3, 0.4, 0.5, 0.6 V/RHE) were
obtained for each catalyst. Fig. 8 (b) shows the K-L at 0.4 V/
RHE for Pt/CNT, Pt—Ag/CNT, and Pt/C. The Pt/CNT
(10.96 mA~! rpm~Y?), Pt—Ag/CNT (12.25 mA~* rpm~"?) and
Pt/C (11.9 mA~! rpm ?) catalysts showed a similar K-L
comparable with the theoretical value (10.7 mA~* rpm ~¥?)
[43]. The average number of electrons transferred estimated
(n) were 3.8, 3.4, and 3.5 for Pt/CNT, Pt—Ag/CNT, and Pt/C,
respectively. These results are close to 4.0, which means that
the process of ORR in alkaline medium on Pt/CNT is prefer-
ential undergone by direct four-electron pathway to produce
OH™ (07 + 2H,0 + 4e~ « 20H") [10].

Fig. 8 (c) displays the Tafel plot deduced after mass transfer
correction of LSV results. The Tafel slope obtained for Pt/CNT,
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Fig. 7 — (a) Cyclic voltammetry of Pt and Pt—Ag materials prepared by sonochemical method. N, atmosphere in KOH 0.5 M
electrolyte at scan rate of 50 mV s~ . RDE polarization curves of (b) Pt/CNT, (c) Pt—Ag/CNT and (d) Pt/C in O,-saturated 0.5 M

KOH electrolyte with a scan rate of 5 mVs™™.

Pt—Ag/CNT, and Pt/C were —100, —68, and —66 mV dec?,
respectively. According to literature the Tafel slope of —60 mV
dec! corresponds to a pseudo two-electron reaction as the
rate determining step (RDS), whereas Tafel slope of —120 mV
dec™! suggests the first-electron reduction reaction of oxygen
as RDS [2,4,24,44,45]. Table 2 shows the specific (mA cm ™2 p,)
and mass (mA mg') activities calculated at 0.9 V/RHE for
materials prepared. The specific activity results showed that
Pt/CNT (1.12 mA cm™2 ) is 4 times more active than Pt/C
(0.25 mA cm ™2 py), respectively. These results are related to the
smaller Pt particle size, higher metal dispersion, Pt load and
Pt-CNT interaction compared with Pt/C and Pt—Ag/CNT.
Additionally, the unique properties of CNT as support of Pt
(surface area, conductivity, and stability) improved the ORR
activity of Pt in alkaline electrolyte. Similar specific and mass
activities for Pt, Ag and Pt—Ag electrodes are reported by
others in alkaline as well as acid electrolytes (Table 2).

An accelerating durability test (ADT) was realized with a
continuously scanning for 2000 cycles in nitrogen atmosphere
at50 mV s~ .. Fig. 8 (d), (e), and (f) shows the comparison of the
CVs obtained before and after 2000 cycles for materials

synthesized. In the case of Pt/CNT and Pt/C samples their CV
curves didn't exhibits significant changes, which confirms the
electrochemical stability of Pt monometallic samples pre-
pared by the sonochemical method as simple and economical
method. However, the bimetallic sample (Pt—Ag/CNT)
exhibited a deactivation of the material showing a reduction
in the current density along the CV signal after 2000 cycles.
Pt—Ag/CNT deactivation can be related with the synthesis
methodology used, the core-shell structure obtained and
weak bimetallic interaction with the support. Which is
controversial with the report of Fu et al. [25] whose report
reveal that Pt—Ag sample possesses better electrochemical
stability than the commercial Pt/C after the ADT test by 15000
cycles. Similar ADT results were presented by Den et al. [7],
they report that after ADT of 5000 cycles the Pt—Ag shows an
increase of the ECSA compared with Pt/C that showed aggre-
gation and dissolution of the Pt nanoparticles. Also, Zhan et al.
[8] found that Pt—Ag nanotubes supported on carbon show
stability after 10000 cycles with negligible activity decay.
Furthermore, Fig. 7 (g), (h), and (i) displays the LSV curves for
the ORR at 900 rpm in O, atmosphere before and after 2000
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LSV curves at 900 rpm before and after 2000 cycles at 5 mV s™".

cycles. LSV results confirmed higher electrochemical stability
of Pt/CNT and Pt/C compared with Pt—Ag/CNT sample after
2000 cycles. As a conclusion the synthesis method to prepare
Pt—Ag/CNT should be improved to increase the stability of
Pt—Ag.

The Nyquist and Bode plots obtained from impedance
study of ORR on Pt samples prepared are showed in Fig. 9.
The EIS analysis was performed for the synthesized elec-
trocatalyst at a frequency range from 20 kHz to 0.01 Hz in the
kinetic region (E = 0.9 V/RHE) to obtain the transfer electron
resistance. Fig. 8 (a) shows the Nyquist diagrams obtained for
Pt/CNT, Pt—Ag/CNT and Pt/C results showed features similar
in all samples that correspond to the electrochemical
capacitor features [46]. According to the zoom of the Nyquist
diagram (inserted in Fig. 8a), apparently the bimetallic

catalyst exhibits a higher resistance to the electrolyte. Ac-
cording to Nyquist plot, Pt/CNT presents the lower resistance
to the transfer electron compared with conventional Pt/C,
and Pt—Ag/CNT.

The Bode plot presents that the phase angle is close to 90°
in the low frequency region at potential of 140 mV which can
be fitted with the equivalent circuit (EC) proposed in the inset
of Fig. 9 (b). The EC corresponds to a series combination of
solution resistance (R1) and a parallel arrangement between
R2 and CPE, where R2 represent mass transfer resistance at
high potential and CPE1 (constant phase element) represents
the electrode-electrolyte interfacial capacitance, which can be
related to the surface inhomogeneity, roughness, reactivity,
porosity, and electrode geometry [47]. However, for obtained
the quantitative values of the components of EC, the
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Table 2 — Specific and mass activity at 0.9 V/RHE for Pt and Ag electrodes for ORR.

Electrocatalysts Specific activity Mass activity at 0.9 V (A mg?) reference
at 0.9 V (mA cm ™2 py)
Pt/CNT 1.12 0.30 This work
Pt/C 0.25 0.31 This work
Pt—Ag/C - 0.24 Fu et al., 2017 [25]
Pt/C 0.07 0.05 Den et al., 2020 [7]
Pt1Ag, 0.12 0.10 Den et al., 2020 [7]
PY/C = 0.39 Chen et al., 2013 [24]
Ag/m-MWCNTs = 0.11 Chen et al., 2013 [24]
PtAg-2 0.3125 0.3125 Zhang et al., 2018 [8]
Pt/C 0.25 0.167 Zhang et al., 2018 [8]
Ag 0.16 = Tammeveski et al., 2012 [12]
AgNP/MWCNTSs 0.21 = Tammeveski et al., 2012 [12]
8000 - Lo
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Fig. 9 — (a) Nyquist diagrams and (b) Bode plot of the ORR on Pt/CNT, Pt—Ag/CNT and Pt/C in O, saturated solution of alkaline

medium at 1000 rpm and 0.90 V/RHE of potential.

experimental impedance data should be fitting EIS data with
the electrical circuit proposed, which will be analyzed in a
future work.

Conclusion

Pt—Ag and Pt nanoparticles (<10 nm) supported on CNT were
successfully synthesized by sonochemical synthesis, and
their electrocatalytic activity for ORR in alkaline medium
was investigated and compared with conventional Pt/C. The
sonochemical method to prepare metal nanoparticles pre-
sented several advantages like since is carried out at room
temperature, no special equipment, or thermal treatment
are required after or during the electrocatalysts preparation.
Pt monometallic samples showed a smaller Pt particle and
crystallite size, higher dispersion and metal load compared
with Pt—Ag bimetallic material. Electrochemical results
revealed that Pt/CNT showed higher electrochemical activity
for ORR in alkaline medium, lower onset potential, higher
half wave potential and favors the 4-electrons transference
for the ORR, which is related to the Pt-CNT interaction

obtained that favored the electron transference and
improved the kinetic to catalyze the ORR. Pt monometallic
samples showed better electrochemical stability after 2000
cycles compared with Pt—Ag bimetallic. This research pro-
vided a facile method of synthesis of monometallic Pt
nanoparticles with higher ORR catalytic activity.
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