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Abstract. This work reports the synthesis, characterization, and catalytic activity of Pt-Ni/CNT with a low
platinum load to use as cathode electrocatalyst in PEMFC (proton-exchange membrane fuel cells). The
synthesis of nickel particles on the carbon nanotubes surface was carried out by chemical reduction of a
Ni(ethylenediamine) complex; after that, the galvanic displacement reaction was performed to platinum
deposition onto Ni/CNT. The Pt-Ni/CNT was deposited by spray technique on a gas diffuser layer (GDL) and
subsequently subjected to several potential cycles to promote Ni atoms migration. Finally, its catalytic activity
was evaluated in a fuel cell.
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Resumen. En este trabajo, se reporta la sintesis, caracterizacion y evaluacion catalitica del electrocatalizador
Pt-Ni/CNT con bajo contenido de platino, empleado como electrocatalizador catddico en una celda de
combustible tipo PEMFC (Celda de combustible de membrana de intercambio protdnico). La sintesis de las
particulas de niquel sobre la superficie de los nanotubos de carbono se llevé a cabo mediante la reduccién
quimica del complejo de Ni(etilendiamina) y posteriormente, se depositd platino sobre el material Ni/CNT
mediante la reaccion de desplazamiento galvanico. Se deposité una pelicula de Pt-Ni/CNT sobre un difusor de
gas mediante la técnica de esprayado y posteriormente fue sometido a diversos ciclos de potencial para
promover la migracion de los a&tomos de niquel y evaluar su actividad catalitica en una celda de combustible.
Palabras clave: Pt-Ni; PEMFC; ciclos de potencial.
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Introduction

Nowadays, energy resources have begun to run out, which has generated an increased urgency to look
for alternative fuels that are clean and renewable. A viable alternative for clean energy production is using the
PEMFC. The PEMFC has attracted much more attention due to their high efficiency, high-power density, easy
scale-up, and the lowest operating temperatures [1]. However, Pt catalysts' high cost stimulates interest in
developing free or low-content platinum group metal catalysts to replace in PEMFC [2]. Diverse groups have
conducted several investigations to enhance Pt catalysts' performance toward oxygen reduction reaction (ORR)
in the cathode electrode, including its activity and durability in recent years [3,4]. One alternative to improve
cathodic catalysts catalytic activity is supporting the Pt active phase over conductive materials; some of these
materials employed are carbon nano-forms like; Vulcan carbon (C) [5], carbon black (NCB) [6], graphenes
(GNPs) [7], multi-walled carbon nanotubes (CNT) [8], graphenes with intercalated carbon nanotube [9],
graphenes with carbon black [10], and others. Pt electrocatalyst supported on multi-walled carbon nanotubes
has diverse advantages compared with other carbon nano-forms for PEMFCs, generating excellent corrosion
performance and higher stability in the ORR [11,12]. Further, other alternatives are employed using less Pt and
maintaining excellent electrocatalytic performance incorporating a second metal. Numerous studies indicate
that Pt and another metal's catalytic activity can enhance ORR [13,14]. Some examples of these bimetallic
electrocatalysts are PtMs/C (M= Fe, Co, and Ni) [14], PtM /GNPs (M= Ni, Fe, and Cu) [7], PtsM/NCB (M=
Pd, Fe, and Ni) [6], among others.

The cathodic Pt-bimetallic catalyst catalytic activity improvement is the due to the changes in
electronic properties, composition, structure, particle size, bond, and inter-particle distance. Various studies
have proven the formation of Pt-layer over PtxMy catalyst's surface. PtxMy alloys with transition metals change
the Pt surface energy, improving the catalytic activity in the ORR, promoting better O, adsorption, and reducing
the Kkinetics by a decrease in the Pt-Pt bond distance and a change of electronic structure by the increase of d-
electron vacancies of Pt atom by the second metal content [15]. Gan et al. prepared PtxNi1.x, alloy catalysts and
observed an increase in catalytic activity after the dissolution of Ni atoms by electrochemical potential cycles,
by the increase in the Hupd area (an increase of electrochemically active area, ECSA) with the dissolution of
the 50% of Ni atomic ratio of the catalyst composition, indicating the formation of Pt-layer in a catalyst surface
[16]. Becknell et al. have prepared PtNi nanoframes. They observed an effect of Pt/Ni ratios over the ECSAS
measured by CO stripping and H adsorption/desorption process, determining high catalytic activity in the ORR
with 1.5 ratio and a decrease with 1.0 and fewer ratios [17].

Bimetallic catalyst based on Pt for the ORR has been prepared by diverse methods such as direct
chemical reduction, electrodeposition, solvothermal, polyol, ligand coating, and galvanic displacement. These
bimetallic catalysts for the ORR have been developed as alloys, dispersions, and core-shell particles. Core-shell
catalysts are excellent in the ORR and generally are composed of non-noble transition metal as core and an
active noble transition metal as the shell. The core physicochemical characteristic is critical for the distribution
of noble metal atoms in the shell surface. The use of stabilizing agents or ligand may influence core-shell
nanostructures growth, stability, and surface chemistry because the ligands play multiple roles in the synthesis
of these type of particles, like improving the solubility of metallic precursors, as a diffusion barrier, change in
the nucleophilicity of metal, stabilizing agent for Ostwald ripening or agglomeration, and as growth director
[18]. Galvanic displacement is one of the most effective methods to prepare core-shell particles. The process
combines aspects of corrosion and electrodeposition when the less noble metal with a specific physicochemical
characteristic interacts with the noble metal ions; these will be reduced due to the difference in the metals redox
potential depositing in the surface of non-noble transition metal [19].

Many authors report the synthesis of particles with core-shell structure by galvanic displacement as Pt
bimetallic catalyst for the ORR and propose different strategies to improve the catalytic activity like the
dealloying and leaching of less noble metal, by thermal treatment, chemical dissolution, or electrochemical
process [20-22]. The dealloying and leaching of a core-shell structure can produce a porous structure or
frameworks, and different composition of the catalyst and these changes can improve the catalytic activity and
stability [23,24].

The size and composition of the core are essential in the synthesis of the core-shell structure.
Ethylenediamine (EDA or en) is a bidentate ligand that can be coordinated to metallic ions and metals and leads
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to a five-membered complex with many of the cyclopentane stereochemical characteristics. A transition-metal
generally shows a high affinity to EDA in comparison with alkaline and alkaline earth metals [25,26]. EDA has
been employed to synthesize non-noble metallic and oxide particles in solution or deposited on carbon
structures. Yan et al. observed that the variation of EDA concentration presents an effect in the nickel particle
size supported on carbon; they report a decrease in the particle size with a high concentration of EDA and
aggregation of the particles in the absence of EDA [27]. Zhang et al. reported the synthesis of nickel oxide
particles over carbon nanofibers with EDA and propose that the particle size is controlled by forming a hydrogen
bond between one amino group of EDA and the surface functional groups carbon nanofibers. In contrast, the
nickel ions interact with the other amino group of EDA [28]. The improvement in the synthesis of non-noble
metallic or oxide particles, like nickel, in the absence of specific reduction agents or expensive synthetic
procedure, is due to the organometallic complex's formation. The addition of N donor ligands, such as EDA,
leads to the sequential replacement of the coordinated water molecules and the formation of complexes in mono,
bis, and tris ligated forms of the general form [Ni(en),]?* (n = 1-3), this complex being very stable even in the
presence of very polar solvents controlling the diffusion of growth species. Nickel, in solution in the absence
of ligands, tends to interact strongly with the medium; for example, in agueous systems, it tends to form the
[Ni(H20)6]?* complex, making hard the reduction because potential redox increase, solubility, and pH values
change [29,30].

In this paper, we report the synthesis of the Pt-Ni/CNT cathodic electrocatalyst using EDA. The Pt-
layer surface formation was evaluated by CO stripping and Hypg for the Pt-Ni/CNT material. The synthesized
Pt-Ni/CNT cathodic electrocatalyst with low Pt content and improved performance at applied different
activation cycles were applied in PEMFC.

Experimental

Chemicals

Potassium hexachloroplatinate (1V) (K2PtCls, 98%), nickel chloride hexahydrate (I11) (NiClz, 99%),
ethylenediamine (C,HsN2, 99%), sodium borohydride (NaBHj 99%), Nafion®-117 solution (5%), toluene
(C7Hs, 99%) and ferrocene (Fe(CsHs),, 98%) were acquired from Sigma-Aldrich®. Methanol (CH3OH, 99.9%)),
nitric acid (HNOs, 70%), and sulfuric acid (H2SO., 97%) from Fermont. Nitrogen (N2, 99%), oxygen (Oz, 99%),
carbon monoxide (CO, 99%), and argon (Ar, 99 %) gases were purchased from Infra. Aqueous solutions were
prepared in Milli-Q water (18 MQ, Thermo scientific).

Synthesis and activation of CNT

CNTsgyn were prepared by the pyrolysis method. An argon/toluene/ferrocene mixture was fed into the
quartz tubing after the tubular oven temperature was set at 850 °C for 30 min at 0.2 mol L. CNTgn were
dispersed in an aqueous dissolution of the H,SO4/HNOs3 (1:3 molar ratio) mixture. Then, 200 mL of the acid
mixture with 150 mg of CNTy, were maintained at 150 °C for 2 h. Following the functionalization, the CNT
were washed with Mili-Q water several times until the pH value was close to 7 [31].

Synthesis of Ni/CNT template

Nickel NP were deposited on the CNT surface by direct chemical reduction of the nickel and
ethylenediamine complex or [Ni(en)2]?*. CNT were dispersed in CH3OH and put at 80°C with constant stirring,
then the NiCl,.6H,0 was added and left to dissolve for 10 min and subsequently, the corresponding (en) was
added to form the [Ni(en)2]?* complex, and left to react for 10 min. After complex formation in the presence of
CNT, NaBH. methanolic solution was added gradually. Afterward, the reaction mixture was maintained for 2
h at 80°C. Finally, the product was filtered off and washed with methanol, Milli-Q water, and left to dry in an
oven.
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Synthesis of Pt-Ni/CNT by in situ galvanic displacement method at room temperature

For the in situ galvanic displacement reaction, the Ni/CNT material (5 mg) was dispersed in 10 mL of
H,0 by ultrasound and immediately reacted with a 0.25 mmol L of Pt** ions from an aqueous solution of
KPtCls. After 2 h, the reaction solution was filtered off and washed with H,O and dried in an oven to obtain
the Pt-Ni/CNT electrocatalyst.

Physical characterization of material

The study of the materials morphology was carried out by Field Emission Scanning Electron
Microscopy (FE-SEM) with a JEOL JSM-7800F Schottky instrument. The samples were dispersed in methanol,
and a drop was put over in a copper-carbon grid. The metallic contents and thermal stability were carried out
by thermogravimetric analysis (TGA); these were performed on a TA-instrument Q50 TGA thermal analyzer.
The TGA operating conditions employed were a heating rate of 20 °C mint, from room temperature to 850 °C
with airflow at 60 mL min. They were further confirming the exact metallic content by Inductively Coupled
Plasma Optic Emission Spectroscopy (ICP-OES) Perkin Elmer Optima 8300 at 1300 Watts of radio frequency
power. The operating conditions of ICP-OES were the plasma flow rate was at 15 L min, the nebulizer gas
flow was 1.5 L min‘?, auxiliary gas flow rate 0.2 L min’, and nebulization gas flow rate of 0.55 L min-. The
wavelength for Pt and Ni were 265.94 and 352.45 nm, respectively.

Elechtrochemical characterization of materials

The electrochemical measurements were conducted using a potentiostat/galvanostat Biologic VMP-
300 at room temperature with a three-electrode system with an Au spiral wire, Ag/AgCI/KCl(saturated) were
used as counter electrodes, and reference, respectively; the working electrode employed was a glassy carbon
rotating electrode (RDE) modified with the synthesized materials. The RDE modification was depositing
0.1142 mg cm2from 40 uL of the synthesized electrocatalysts dispersed in Nafion® 117/ethanol (1/ 4:3/ 4 V/v)

let dry at 25 °C. The surface electrochemical properties were investigated by cyclic voltammetry (CV) and were
performed in Nj-saturated 0.5 mol L™ H,SO4 in the potential range of 0 to 1.2 V vs. reversible hydrogen
electrode (RHE) at a scan rate of 100 mV s*. Subsequently, the CO-stripping test was recorded after the
electrolyte solution was saturated with CO, and potential at 0.05 V for 180 s was applied. Afterward, the solution
was bubbled with N2 under the same conditions for 10 min.

Hydrogen fuel test

Since Pt-Ni/CNT was tasted as a cathodic catalyst in the ORR, only the cathode gas diffuser was
modified with Pt-Ni/CNT electrocatalyst. Commercial Pt/C was used as an anodic catalyst. The catalytic
performance of synthesized Pt-Ni/CNT and commercial Pt/C catalyst was compared with normalized Pt loading
at 0.5 mg cm. The spraying process was employed to prepare the Membrane Electrode Assembly (MEA) with
a surface area of 9 cm?. Two modified gas diffusers were placed in a sandwich arrangement with a commercial
Nafion 117 membrane separator. The MEA was pressed at 0.4-0.8 ton cm at 120 °C for 2 min. Afterward
MEA fabrication, Nickel dissolution was carried out to decrease the metal loading; the leaching process was
carried in a typical three-electrode cell with 0.5 mol Lt H,SO4 in the potential range of 0.3to 1.1 V vs. reversible
hydrogen electrode (RHE) and a scan rate of 100 mV s at different potential cycles (0, 170 and 1,000). CV,
polarization curves, and electrochemical impedance spectroscopy (EIS) were performed using the
potentiostat/galvanostat Solartron model 1287 with 20 A booster and Solartron model 1290 with
Impedance/Gain analyzer model 1260, respectively.

Results and discussion

Physicochemical characterization of materials

The metallic content and thermal stability of the synthesized materials were determined by TGA (Fig.
1). The CNTsyn sample is thermally stable up to 460 °C, in comparison to CNT that shows a reaction around
350 °C with a decomposition of 1.5 wt%, and the decomposition is associated with the thermal oxidation of
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carbonyl groups (C=0, C-OH, and C-OOH) formed during the acid treatment as diverse authors report [32].
For Pt-Ni/CNT sample, the thermal stability and metal composition are shown in Table 1. Pt-Ni/CNT showed
lower thermal stability compared with Ni/CNT and CNT samples. This change can be attributed to O molecules
adsorption over Pt-Ni/CNT, and this transfer to carbon support, promoting the accelerated oxidation of CNT
structure and transforming it to CO; [33]. Furthermore, final residual weights at 700°C of Ni/CNT and Pt-
Ni/CNT were 5.94 and 8.17%, respectively. Also, from the thermograms in Fig. 1, the metallic contents of Pt-
Ni/CNT sample were determined, and this was of 2.23 wt% and was corroborated by ICP-OES measurement;
while the concentration of Pt was of 2.23 wt%, and Ni was of 1.98 wt%.
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Fig. 1. Thermograms of CNT, Ni/CNT, and Pt-Ni/CNT materials.

Table 1. Summary of metallic loading obtained by TGA for Pt-Ni/CNT in each stage of the synthesis.

Metal residue Relation % weight
MxOy Fe % Ni% Pt %
CNT gyn 7.49 2.62 - -
CNT 3.85 1.35 - -
Ni/CNT 5.94 1.32 1.98 -
Pt-Ni/CNT 8.17 1.30 1.95 2.23

Once the Pt and Ni presence was identified, the particles' morphology was analyzed by
microscopy, as shown in Fig. 2. The micrograph of Ni particles deposited on the CNT is shown in
Fig. 2a); in the micrographs, CNT's characteristic tubular structure and small metal particles are
deposited on CNT. However, the distribution of Ni particles on CNT was not evident in the micrographs.
Therefore, the elemental mapping analysis was performed, as shown in Fig. 2b). Based on map analysis, the
uniform scattered distribution of Ni particles can be appreciated

The Pt-Ni/CNT samples micrograph shown in Figure 3a; reveals the Ni and Pt metals deposited on
carbon nanotubes. Fig. 3b) shows the elemental mapping, which confirms Pt and Ni metals evenly distributed
throughout the CNT surface. The bimetallic particles are homogeneously distributed on CNT, as shown in
Figures 3c) and 3d), respectively.
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Fig. 3. Pt-Ni/CNT electrocatalyst a) FE-SEM image, b) EDS mapping of Ni and Pt, c) elemental mapping of
Ni, and d) elemental mapping of Pt.
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Electrocatalyst performance of Pt-Ni/CNT sample in the PEMFC

Fig. 4 shows Ni electrochemical dealloying in Pt-Ni/CNT sample to prepare the cathodic catalyst for
the PEMFC test, applying different potential cycles (0, 170, and 1000 cycles). The Pt-Ni/CNT samples cyclic
voltammograms show variations in the current of hydrogen adsorption/desorption zone for Pt surface between
-0.2 to 0.6 V vs. RHE. In the anodic peak corresponding to hydrogen desorption from Pt surface, can be
observed the current increases with the number of potential cycles, so this effect can be explained by the Pt-
Ni/CNT catalyst surface restructuring, due to Ni atoms dealloying by the H,SO, electrolyte during the potential
cycling process, as reported in the literature previously [34].

The hydrogen desorption charge consumption (Qn) by Pt-Ni/CNT catalyst at the different potential
cycles is summarized in Table 2. The Qu increases with increasing potential cycle number, confirming Ni atoms
dealloying and forming a Pt-layer on the Pt-Ni/CNT catalyst surface as previously reported by Glisen et al. Pt
can explain this behavior as the active phase for hydrogen adsorption/desorption process. The ECSA also
evaluated in the hydrogen zone followed the same trend to respect potential cycles [35,36].

1.0
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L w170 cycles
e 1000 cycles
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E (V vs RHE)
Fig. 4. Cyclic voltammogram of Pt-Ni/CNT electrocatalyst dealloying.

After Nickel atoms were dealloyed from Pt-Ni/CNT catalyst surface by different potential cycles, the
fuel cell's catalytic performance was evaluated. Fig. 5 shows the polarization curve at 60 °C using Pt-Ni/CNT
electrocatalyst at different potential cycles to increase Pt-layer surface and can be observed the typically open
circuit and activation losses.

The Pt-Ni/CNT at 0 potential cycles show the lowest loss in polarization voltage in accordance with
Qn and ECSA values reported in Table 2. The results of Pt-Ni/CNT electrocatalyst at 0 potential cycles indicate
that the electrocatalyst surface show a low concentration of Pt, compared with the Pt-Ni/CNT at 1000 potential
cycles. The Pt-Ni/CNT at 1000 potential cycles shows the maximum power density of 220 mW cm2, confirming
the Pt-layers were increasing over the Pt-Ni/CNT electrocatalyst surface by the electrochemical restructuration
by potential cycles. Some authors report that the dealloying and leaching of less noble metal of bimetallic
electrocatalyst can generate a porous structure by the migration of Ni atoms to the particle inside when the
synthesis method generates core-shell particles by the galvanic displacement method [23,34,37,38]. Therefore,
the fuel cell improvement in power density with Pt-Ni/CNT cathodic catalyst is attributed to Ni atoms
dealloying to the H2SOj4 electrolyte solution; and the enrichment of the electrocatalyst surface with a Pt-layer
[39].
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Table 2. Electrochemical data of the Pt-Ni/CNT electrocatalyst with different activation cycles.

cycles QH(mC) *ECSAH (Mm?g?) Pmax (MWcm-2)
0 10.80 6.04 167
170 136.89 76.61 199
1000 199.76 111.80 220

*ECSAH was determined in the MEA

The Pt-Ni/CNT electrocatalysts catalytic performance was compared with Pt/C electrocatalyst at 1000
potential cycles both, as shown in Fig. 6. The polarization curve shows that Pt/C electrocatalyst produces the
maximum power density of 350 mW cm-2 20wt% metallic content of pure platinum.
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Fig. 6. Comparison of the polarization curves of Pt-Ni/CNT and commercial Pt/C at 1000 potential cycles.
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The results indicate that the Pt-Ni/CNT electrocatalyst produces a 63% power density of the
commercial Pt/C electrocatalyst with 90wt% fewer metal contents than reports in the literature. Lin et al.
reported the catalytic performance of Pt;Nii/C electrocatalyst with 30%wt metallic content, with a power
density of 369.7 mW cm, very similar to a Pt/C commercial electrocatalyst. However, an evident decline in
the catalytic activity after 1000 cycles was observed to 288 mW cm[40]. Literature results indicate that high
metallic contents poison the MEA of the PEMFC, reducing the catalytic performance because the dealloyed
metal can be deposited in the MEA surface, blocking fuel diffusion. In Table 3 the power density generated
before and after potential cycles of Pt-Ni electrocatalyst in the PEMFC are compared, hormalized with respect
to the Pt amount are reported.

Table 3. Summary of the reported normalized power density with the amount of Pt.

Materials Pmax (MWmgprlcm2) Reference
Pt-Ni/CNT 0 cycles 2385.71 this work
Pt-Ni/CNT 170 cycles 2842.85 this work
Pt-Ni/CNT 1000 cycles 7142.86 this work
Pt:Ni/C 0 cycles 1051.14 25
Pt:Ni1/C 1000 cycles 800 25
PtNi/GNPs 1350 7
PtNiCo/C 1000 26
PtsNi/NCB 3280 6

The ultra-low concentration of Pt and Ni metals in the Pt-Ni/CNT electrocatalyst does not affect the
MEA performance with potential cycles than Lin et al. reported, as shown in Table 3. The synthesized Pt-
Ni/CNT electrocatalyst with ultra-low Pt and Ni contents generated 8.93 times more power density at 1000
potential cycles compared to similar electrocatalysts with high metallic contents

Electrochemical characterization

The most popular methods to assess the ECSA are the underpotential deposition of hydrogen (Hupd)
and CO stripping voltammetry in a three-electrode system [41,42]. The study of Hupd and CO stripping at
differents potential cycles for Pt-Ni/CNT electrocatalyst are shown in Fig. 7. The black lines voltammograms
show the Hupd region between 0 to 0.26 V vs. RHE as a sharp peak, attributed to the hydrogen
adsorption/desorption process. The blue line voltammograms evaluate the surface properties of Pt-Ni/CNT
electrocatalyst by the CO electrochemical oxidation. The region between 0.73 to 1.00 V vs. RHE shows the
anodic peak, attributed to the adsorbed CO oxidation [43,44].
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Fig. 7. Pt-Ni/CNT electrocatalyst CO stripping voltammogram at 0 (a), 170 (b), and 1000 (c) at 50 mV sin
H»S0.0.5 M. Black-line (CO absence) and blue-line (CO presence).
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ECSA. 1 values were calculated from the hydrogen desorption charge in the potential region from 0 to
0.26 V vs. RHE using the equation (1), and ECSA.co values were calculated from the charge associated with
CO oxidation in the potential region from 0.73 to 1.00 V vs. RHE using the equation (2). Where Qy is the
charge in mC determined by integration of hydrogen desorption region, Q, is the charge in mC determined by
integration of CO oxidation peak, 0.210 mC cm™ corresponds to hydrogen adsorption/desorption on
polycrystalline Pt, 0.420 mC cm corresponds to a monolayer of CO adsorbed and Lp,. The Pt loading on the
surface determined by ICP-10S and TGA is seen in table 1 [45]. Furthermore, the ratio between the ECSAs can
be calculated, as shown in equation 3 [46].

Qu
ECSA_y = 1)
H™(0.210 mC cm=2) Lp,

QCO
ECSA_pp = 2
S4-co (0.420 mC cm=2) Lp, @)

ECSA_¢p
tio ECSAs = ——— 3
ratio S ECSA_H ( )

The ESCA results of Pt-Ni/CNT electrocatalyst at different potential cycles are shown in Table 4. The
calculated ECSA.1 and ECSA co,and ECSA ratio, the Pt-Ni/CNT wat 0, 170, and 1000 activation cycles were
3.58, 3.25, and 1.58, respectively, where values greater than 1.5 of ECSASs ratio suggest forming a Pt-skin—
terminated of Pt(111) as surface structure [13,17,47].

Table 4. ECSAs of the Pt-Ni/CNT electrocatalyst at different activation cycles.

cycles ECSA_co (m?g?) ECSA_n(m2gh*
0 35.04 9.79
170 39.45 12.15
1000 47.08 29.86

*ECSAH was determined in a three-electrode system in the half cell.

The electrochemical characterization shows the effect of potential cycles over ECSA of Pt-Ni/CNT
determined by Hupd and CO stripping and corroborated MEA results in the PEMFC, where the electrochemical
dealloying modified Pt-Ni/CNT electrochemical surface, increasing the Pt-layer exposure in catalyst surfaces,
explaining the increase of the ECSA [34].

Conclusion

In this work, the Pt-Ni/CNT material was successfully synthesized for use as a cathodic electrocatalyst
in PEM fuel cell technology. The performance of this electrocatalyst was improved with potential cycles. This,
mainly due to the Pt surface restructuration by Ni atoms lixiviation. The Pt surface restructuration promotes
that the ECSA increases with the number of potential cycles and suggests the optimization of Pt electrocatalysts
sites; this is observed both in the cell in solution and in the fuel cell assembly. The maximum power density
obtained for Pt-Ni/CNT with 1000 potential cycles was lower than shown by the commercial catalyst Pt/C,
however, with an ultra-low amount of platinum present in the bimetallic catalyst (about 2%) compared to the
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20% content of Pt in the commercial catalyst. However, with a better power generation per gram of platinum,
reducing the cost of energy generation.
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