
ww.sciencedirect.com

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 5 ( 2 0 2 0 ) 2 2 9 7 3e2 2 9 7 8
Available online at w
ScienceDirect

journal homepage: www.elsevier .com/locate/he
Short Communication
High CO tolerance of Pt nanoparticles synthesized
by sodium borohydride in a time-domain NMR
spectrometer
A.S. Ramos a, M.C.L. Santos a, C.M. Godoi a, L.C. de Queiroz b,
J. Nandenha a, E.H. Fontes a, W.R. Brito b, M.B. Machado b, A.O. Neto a,
R.F.B. de Souza a,*

a Instituto de Pesquisas Energ�eticas e Nuclears, IPEN/CNEN-SP, Av. Prof. Lineu Prestes, 2242 Cidade Universit�aria,

CEP 05508-900, S~ao Paulo, SP, Brazil
b Central Analytica, Universidade Federal Do Amazonas, UFAM, Av. General Rodrigo Octavio Jord~ao Ramos, 1200 -

Coroado I, Manaus, 69067-005, AM, Brazil
h i g h l i g h t s
* Corresponding author.
E-mail address: souza.rfb@gmail.com (R.

https://doi.org/10.1016/j.ijhydene.2020.06.105
0360-3199/© 2020 Hydrogen Energy Publicati
g r a p h i c a l a b s t r a c t
� Nanoparticle synthesis by sodium

borohydride within a TD-NMR

spectrometer.

� High CO tolerance of Pt/C due to

lattice parameter contraction.

� Pt/C MFP90� has the better perfor-

mance over H2 and H2 þ CO

experiments.
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The CO poisoning effect was overcome using a novel synthesis method. This method

consists of using sodium borohydride reducing agent assisted by magnetic field and radi-

ofrequency pulses in the time-domain NMR spectrometer. This synthesis was useful to

disperse the Pt nanoparticles over the carbon support and to compress the lattice strain of

the Pt crystalline structure. Besides that, Pt/C MFP90� showed a multi-CO oxidation

component in cyclic voltammetry, and this can avoid the poisoning effect by creating a

large availability of CO species to be adsorbed, desorbed, and re-adsorbed. Pt/C MFP90� has

also shown the best performance in the PEMFC regarding H2 and CO þ H2 experiments.
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Time domain NMR
Nuclear magnetic resonance
Fig. 1 e X-ray diffraction pattern of Pt/C,

MFP90� and Pt/C MFP180�.
Introduction

Adsorption of carbon monoxide on Pt active sites is consid-

ered one of the significant drawbacks considering the use of Pt

in proton exchange membrane fuel cells (PEMFC). For

instance, CO can block the active platinum sites required for

hydrogen electrosorption and, consequently, decrease the

fuel cell performance [1e3].

There are several attempts to avoid CO poisoning on Pt

active sites, the general approach is to weaken the adsorption

interaction energy between CO and the Pt active site [4]. The

electrocatalyst design is fundamental to tune the interaction

above. One of the most common ways to do this is to syn-

thesize alloy electrocatalysts containing Pt [2,5]. Among the

alloy electrocatalysts studied along with Pt, stands out Ir, Te,

Cu, Fe and Rh. They have the purpose of altering the CO
Pt/C MF, Pt/C
adsorption energies sites of Pt nanoparticles [6]. A way to

synthesize alloy electrocatalysts is to use sodium borohydride

as a reducing agent [7,8]. Other tactics to improve CO tolerance

involves the use of co-catalysts, such as transition metal ox-

ides, nitrides, carbides, and phosphides [6].

Another approach is to change the tensile strain of Pt

crystalline structure, which will cause a d-band center varia-

tion and, consequently, the lowering of CO adsorption energy

[9]. Then, the design of core-shell nanoparticles and bimetallic

alloys has shown crucial in that sense [1,10]. So, our novel

synthesis method consists in use sodium borohydride

reducing agent assisted by a magnetic field and radio-

frequency pulses. This might produce changes in the elec-

tronic structure of the electrocatalysts and so improving the

CO tolerance.

In a PEMFC, the use of a second metal in an electrocatalyst

generally tend to be unstable because of the surrounding

medium [11]. Furthermore, the design of core-shell nano-

particles tends to involve several steps in the synthesis, which

turns out to be impracticable in more massive production.

Therefore, this work aims to employ the sodium borohydride

synthesis [12] within a time-domain NMR spectrometer

studying the influence of the magnetic field with radio fre-

quency pulses during the electrocatalysts synthesis, and

finally, evaluate the CO and H2 oxidation process.
Materials and methods

All the Pt based electrocatalysts (20 wt% of metals loading)

electrocatalysts were prepared using H2PtCl6.H2O (Aldrich) in

a mixture of ultrapure water and isopropanol (Merck) (50/50).

The vulcan Carbon XC72 (cabot) was used as support. The

synthesiswas performed in a time-domain NMR spectrometer

Specific 15 MHz (Fine Instrument Technology-FIT) with a

0.33 T magnetic field. Three different synthesis conditions of

time-domain nuclear magnetic resonance were applied: the

magnetic field without a radiofrequency pulse, only under

magnetic field influence (Pt/C MF), the magnetic field with

90�pulse (Pt/C MPF90�), and the magnetic field with 180�pulse
(Pt/C MFP180�). The NaBH4 (Aldrich) solution was added while

the radiofrequency pulse was applied. The pulse duration was

set to 0.5 ms (for Magnetic Field and Pulse 90�-or MFP90�) and
1.0ms (forMagnetic Field and Pulse 180�-orMFP180�) with 80%

of power and with 3.0 s of the time interval between the pul-

ses, a total of 300 pulses.

All Pt/C electrocatalysts were characterized by X-ray

diffraction (XRD) using the Rigaku diffractometer model

Miniflex II with Cu Ka radiation source (l ¼ 0.15406 nm). The

diffractograms were recorded from 2q ¼ 20� to 90� with a step

size of 0.05� and a scan time of 2 s per step. Transmission

electronmicroscopy (TEM) was carried out using the JEOL JEM-

2100 electron microscope operated at 200 kV. The mean
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Fig. 2 e Transmission electron microscopy and nanoparticle size distribution of Pt/C, Pt/C 0�, Pt/C 90� and Pt/C 180�.
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particle sizes were determined by counting more than 200

particles from different regions of each sample.

The cyclic voltammetry measurements were carried at

25 �C using an Autolab PGSTAT 302 potentiostat/galvanostat.

The working electrode is a carbon vitreous with porous ultra-

thin layer deposited [13], the reference electrode was the

reversible hydrogen electrode (RHE), and the counter electrode

was a Pt plate. The electrochemical measurements were done

in the presence of 0.5 mol L�1 H2SO4 solutions saturated with

N2. For CO-stripping, the solution was purged with N2 in the

working electrode for 30 min, and then purified with CO gas

for 30min, and theworking electrode potential was set to 0.2 V

vs. RHE. After the adsorption, the CO was removed from the

electrolyte, followed by N2 bubbling for 15 min. The CO-

stripping voltammograms were recorded at a scan rate of

10 mV s�1.

The fuel cell experiments were performed using Pt/C ma-

terials synthetized as anode, using hydrogen flux

(300 mL min�1) and Pt/C the commercial Pt/C (BASF), using

oxygen flux (200 mLmin�1). The tests were realized in a single

cell PEMFCwith an active geometric surface area of electrodes

equal to 5 cm2. For fuel cell studies also, it was utilized the

carbon-cloth PTFE-treated as a gas diffusion layer and a

Nafion® 117 membrane as electrolyte. The anode electrodes

and the cathode prepared were made with 1 mgPt cm�2

electrocatalyst loading for experiments with the synthesis gas

(H2þCO) was maintained an atmospheric pressure in the

anode and cathode. The fuel cell temperature was 80 �C with

the H2þCO (CO 100 ppm) flux regulated at 300mLmin�1 in the

anode and O2 flux at 200 mL min�1 in the cathode.
Results and discussion

Fig. 1 shows the X-ray diffraction of Pt/C electrocatalysts. For

all of them, it is possible to identify the presence of the (002)

plane characteristic of carbon (JCPDF # 50e926). Furthermore,

it is also possible to notice the presence of intense peaks at

~40�, 45�, 67�, 82� and 85�, they are respectively associated

with the crystalline planes (111), (200), (220), (311) and (222) of

polycrystalline platinum (JCPDF # 04e802) with face-centered

cubic structure (FCC).

It is possible to notice that the Pt/C nanoparticles synthe-

sized in the NMR spectrometer a small shift in 2q for more

positive angles, and this leads to a contraction of the lattice

parameter. The lattice parameter calculation considering the

(220) crystalline plane is the following [14]. The lattice

parameter value of 0.392 nm found for Pt/C is following the Pt

bulk reported in Kelly [15], for Pt/C MF and MFP180� is

0.391 nm, and Pt/C MFP90� is 0.390 nm. It is noteworthy to

mention that the highest lattice parameter contraction

observed was for Pt/C MFP90�. Therefore, for Pt/C MFP90�, we

expect to have a superposition of the atomic orbitals in a way

that the d-band center of the surface atoms tends to go further

from the Fermi level. Furthermore, the Pt atoms are probably

closer to each other than (111) surface. The overlap matrix

elements and hence the d-bandwidth are therefore larger

significant, the d-bands are lower in energy, and conse-

quently, these reconstructed Pt surfaces bind CO weaker [16].

The micrographs in Fig. 2 show the distribution of the Pt

nanoparticles over the carbon support. All of them are well

dispersed over the carbon support, but still, some
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Fig. 3 e black curves corresponding the cyclic voltammetry

on Pt/C, Pt/C MF, Pt/C MFP90�, and Pt/C MFP180�, in
0.5 mol L¡1 H2SO4, and the gray curve represents the CO

stripping.
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nanoparticles agglomeration occurred. The morphological

characteristics of the Pt nanoparticles, as well as the mean

diameters, are consistent with reported in rhe literature

[17e19]. Regarding the shape of the nanoparticle size distri-

bution is attributed to the sodium borohydride reducing agent

[20].

Pt/C MFP90� has a smaller mean diameter nanoparticle

size, thismeans that Pt/CMFP90� has the highest nanoparticle

surface area, since the surface/volume ratio R is R¼ 6/d, where

d is the nanoparticle mean diameter [21], this also means that

Pt/C MFP90� could have the highest electrochemical activity.

Fig. 3 shows the characteristic voltammetry pattern of Pt/C

nanoparticles with turn in and out CO in 0.5 mol L�1 H2SO4.

Without CO (black line), it is possible to observe a good defi-

nition in the adsorption and desorption region of hydrogen

(0.05e0.4 V), the sharpness and the symmetry of the adsorp-

tion profile for each material are different due to the compo-

sition of faces present at the electrode interface with the

solution [22]. Pt/C MFP90� and Pt/C MFP180� have profiles like

materials with a predominance of faces on the surface (100)
[23] and (110) [24]. In Pt/C, that is a polycrystalline structure on

Carbon Vulcan XC72, regarding CO voltammetry, the most

intense peak has been observed at 0.85 V and 1.05 V in

agreement with the work of Ciapina et al. [25]. The shoulder

peak at 0.79 V was attributed to an inter-particle effect, which

is an interaction between CO and OH species adsorbed in

different nanoparticles, and this effect is proportional to the

anchorage of Pt nanoparticles on the carbon support [25].

All the other electrocatalysts show different shapes

regarding CO cyclic voltammetry. Pt/C MF present form like

the Pt/C, but the 1.05 V peak position is shifted to 0.95 V in

according with Ciapina corresponding to face (111) [25].

Furthermore, the CO oxidation peak intensity of Pt/C MF in

0.85 V is relatively smaller than Pt/C. For Pt/CMFP 180� showed

peaks close for Pt/C MF, with the addition of the pre-peak of

CO oxidation at 0.5 V, that appear when the oxidation of

adsorbed CO at step sites [26], however the peak at 0.75 V is

more intense than the peak at 0.85 V, and the peak at 0.95 V

can hardly be observed.

In Pt/C MFP 90� the CO oxidation shows a pre-peak at

~0.5 V, also present at 0.7 V, 0.85 V, and 0.95 V and, it is less

intense and broader (0.85 V) than in the othermaterials, which

can be explained by i) a difference in the metal/support

interaction shifting the potentials of CO oxidation [27,28]; ii)

due to defects and adlayers of different faces [29,30] caused by

the electromagnetic pulses. This multipeak oxidation process

can show to us a large availability of active sites. It shows that

CO is easily oxidized in this electrocatalyst, indicating good

tolerance to the CO poisoning effect. Therefore, the time-

domain NMR synthesis alters the electronic structure of the

Pt/C MFP electrocatalysts.

Fig. 4 shows the polarization and power density curves for

Pt/CMFP catalysts and Pt/C. Pt/C has an open circuit voltage of

970 mV in contrast to 950 mV of all the others, regarding both

conditions (H2 and H2þCO). The maximum power density

obtained for Pt/C regarding H2 experiment is 194 mW cm�2

and 92 mW cm�2 for H2þCO, a decrease of 52% in power. Pt/C

MF has the maximum power density of 196 mW cm�2 for H2

and 90 mW cm�2 for H2þCO (decrease of 54%). Pt/C MFP 90�

has the maximum power density of 224 mW cm�2 for H2 and

197 mW cm�2 for H2þCO (decrease of 12%) and Pt/C MFP180�

has the maximum power density of 190 mW cm�2 for H2 and

97 mW cm�2 for H2þCO (decrease of 48%). Furthermore, Pt/C

90� has the highest final current density in the polarization

curve experiment.

The performance in the PEMFC experiment regarding Pt/C

MFP 90� is mainly attributed to the high CO tolerance that this

electrocatalyst present. The mechanism of CO oxidation over

Pt active sites is a Langmuir-Hinshelwood type and is

described below [25]:

H2Oþ Pt4Pt� OHads þHþ þ e� (1)

Pt�COads þ Pt� OHads/CO2 þHþ þ e� þ 2Pt (2)

Furthermore, the reaction rate in eq. (1) is not compro-

mised by the CO poisoning, due to the possibility of OH

adsorbed species oxidize CO to CO2. Besides, the electronic

effect caused by the novel synthesis method can weaken the

Pt-COads bond in (2) which turns out to facilitate the oxidation
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Fig. 4 e Pt/C, Pt/C Field 0�, Pt/C MFP 90� and Pt/C Field 180� Fuel Cell experiment. The black lines represent the H2 experiment

and the gray lines H2 þ CO experiment.
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through OHads to CO2. It means that the slightest loss of power

due to the presence of CO can be explained by the existence of

a surface defect, adlayers of different faces and/or strongly

interaction metal/support, creating a multi CO oxidation

process. That is oxidized to various potentials while scanning

potentials, as noted in voltammetry (Fig. 3), and thereby

reducing the effect of poisoning, thus influencing less on the

power drop.
Conclusion

The Time Domain NMR synthesis was advantageous to create

lattice strain compression in Pt crystallographic structure and,

then, probably weakening the CO adsorption energy on Pt/C

MFP90�. In addition, this latter electrocatalyst showed the

smallest average diameter size, which turns out to be

extremely useful to oxidize CO species. The cyclic voltam-

metry revealed a multi-CO oxidation process, which turns out

to be incredibly effective in increasing the availability of active

sites for water, H2, and CO to be adsorbed.

The PEMFC experiment also showed excellent perfor-

mance of Pt/C MFP90� in comparison with the other electro-

catalysts studied. This behavior could be explained due to the

possibility of metal/support interaction wich activated water

and surface adlayers, and defects shifted the CO oxidation for

lower potentials. However, new studies yet are necessary

using Raman spectroscopy, XPS, XANES/EXAFS and DFT
calculations can help to elucidate differences in the metal/

support interaction.
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