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Abstract

Pt nanoparticles were supported on multi-wall carbon nanotubes (MWCNTs) and conventional C-Vulcan XC72 by a vapor-
phase impregnation-decomposition method using platinum acetylacetonate as precursor. Both types of carbon supports were
impregnated with the precursor vapors at 180 °C and 3-7 Torr inside a horizontal quartz tube reactor. Then, they were heated
at 400 °C to achieve precursor decomposition and subsequent formation of Pt nanoparticles. Carbon supports, and Pt precursor
were mixed in several weight ratios. The Pt content was approximately 5, 10 and 25 wt.%. TEM observations revealed Pt
particles ranging from 2.4 to 3.3 nm uniformly distributed on either nanotubes or conventional carbon support. The catalytic
activity for nitrate electro-reduction (NER) was investigated in NaNO3 + NaOH solutions using Cycling Voltammetry (CV).
The CV measurements showed a redox process from -0.7 to -1.0 V/SCE associated to the nitrate reduction process. It was found
that PYMWCNTs materials display superior nitrate reduction activity than Pt/C-Vulcan XC72, even the comparable Pt decisive
features. The superior activity seems to be associated to the inherent structural features of MWCNTSs. Thus, PtYMWCNTs are
attractive materials for electrodes on the nitrate reduction process in alkaline medium aqueous.
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Resumen

Nanoparticulas de Pt fueron soportadas en nanotubos de carbono de paredes miltiples (MWCNTSs) y carbén convencional C-
Vulcan XC72 mediante un método de impregnacién-descomposicion en fase de vapor utilizando acetilacetonato de platino como
precursor. Ambos tipos de soportes de carbono se impregnaron con los vapores precursores a 180 °C y 3-7 Torr dentro de un
reactor de tubo de cuarzo horizontal. A continuacién, se calentaron a 400 °C para lograr la descomposicién del precursor y la
formacidn subsiguiente de nanoparticulas de Pt. Los soportes de carbono y el precursor de Pt se mezclaron en varias proporciones
en peso. El contenido era de aproximadamente 5, 10 y 25% en peso. Las observaciones TEM revelaron particulas de Pt de 2.4 a
3.3 nm uniformemente distribuidas en los nanotubos o soporte de carbono convencional. La actividad catalitica para la electro-
reduccién de nitratos (ERN) se investigd en soluciones de NaNO3 + NaOH utilizando Voltamperometria Ciclica (VC). Las
medidas de VC mostraron un proceso redox de -0.7 a -1.0 V/SCE asociado al proceso de reduccién de nitratos. Se encontrd
que los materiales Pt/MWCNTs muestran una actividad de reduccion de nitratos superior a Pt/C-Vulcan XC72, incluso en las
caracteristicas comparables de Pt. La actividad superior parece estar asociada con las caracteristicas estructurales inherentes de
los MWCNTs. Por lo tanto, PtyMWCNTS es un material atractivo para electrodos en el proceso de reduccion de nitratos en medio
acuoso alcalino.
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1 Introduction

Nitrate pollution is a common and serious health
problem around the world. For several decades,
numerous worldwide regions have suffered an
increasingly nitrate concentration in groundwater,
rivers, lakes and coastal waters. The main sources of
nitrate include industrial waste, chemical fertilizers,
animal feces and human wastes (Luk et al., 2002;
Martinez et al., 2017). The presence of nitrate in
drinking water represents an elevated risk of serious
human diseases. The World Health Organization
recommends a maximum limit of 50 mgL ™! for nitrate
concentration in drinking water (Xiaomeng et al.,
2009). Thus, for long time the neutralization of nitrate
in water sources has been a crucial issue of scientific
research (Fanning 2000, Park et al., 2005; Patel et
al., 2008). Different methods have been proposed and
used commonly for the remediation of drinking water
sources such as ion exchange and reverse osmosis
(Schoeman et al., 2003; Wang et al., 2007), however,
such processes are relatively costly with derivations in
other problems due to their use, (Lehman et al., 2008;
Martinez et al., 2017).

Biological denitrification is also another
alternative for remediation of water sources, but
the use of microorganisms is unattractive (Park et
al., 2005). Photocatalysis has been used for the
removal of nitrite oxide ions (Toma et al., 2006).
One important denitrification method is the selective
catalytic or electrocatalytic reduction of nitrates
offering greater advantages, due to the selectivity,
versatility, high energy, low costs and safety, from an
environmental point of view, since it is not necessary
to add any chemical solution to the effluents used,
with the desirable objective of obtaining N, as main
product and ammonium undesired by-product in
alkaline media (Groot et al., 2004; Couto et al.,
2016; Herndndez-Fydrych et al., 2018). Metal active
catalysts such as Pt, Sn, Pd and Cu supported on
graphite, carbon Vulcan, TiOy and ZrO, have been
investigated for nitrate electroreduction (Prusse et
al., 2000; Kerkeni et al., 2002; Wang et al., 2006;
Bhatnagar et al., 2010; Bahman et al., 2011). In recent
years, however, carbon nanotubes (CNTs) have been
investigated as support materials for the fabrication
of electrocatalysts due to their high surface area,
high electrical conductivity and extraordinary thermal
stability (Baughman, et al., 2002; Serp et al., 2003).

Conventional wet impregnation or precipitation

methods have been frequently used to incorporate
the catalytic active phase on CNTs (Cheng et. al.
2008; Trépanier et al., 2009, Soares et al., 2011,
Torres-Santillan er al., 2018). However, methods on
gaseous phase such as chemical vapor deposition
or vapor-phase impregnation-decomposition (Capula
et al., 2009, Encarnacion et al., 2010; Mercado-
Zuiiiga et al., 2014) allow the incorporation of
active nanoparticles on fine-divided porous supports
without the need of liquid solvents and their
drying and reduction steps, which may promote
undesirable changes of active particle size (Vahlas
et al., 2006). In the present study, we report the
incorporation of Pt nanoparticles on MWCNTs by
vapor-phase impregnation-decomposition method and
their electrocatalytic activity on NER process in
alkaline conditions; finally, it is important to compare
the performance of Pt nanoparticles synthesis by the
same method on C-Vulcan XC72 commercial support
at the same conditions.

2 Materials and methods

2.1 Preparation of PUMWCNTs and Pt/C-
Vulcan XC72

Pt nanoparticles were supported on commercial
MWCNTSs (Aldrich, 6-13 nm in diameter and 2.5-20
um in length) or C-Vulcan XC72 by a vapor-phase
impregnation-decomposition method. MWCNTs and
Pt precursor were mixed in 10:1, 4:1, 2:1 weight
ratios before vapor-phase impregnation. C-Vulcan and
Pt precursor were mixed in 2:1 weight ratio. The
mixed powders were heated at 180 °C for 10 min to
evaporate the precursor in a horizontal quartz tube
reactor at a total pressure of 3-7 Torr. Then, the
impregnated carbon supports were moved to a higher
temperature zone (400 °C) inside the tube reactor to
achieve the precursor decomposition under an argon
gas flow (FRAr =100 cm?/min). The crystal structure,
particle size and morphology were analyzed by X-
ray diffraction (XRD, D8 focus Brucker using Cu-
Ke radiation) and electron microscopies (SEM-JEOL
6300 coupled with an EDS detector and MET-FEI
TITAN). Pt content in carbon support was determined
by atomic adsorption spectroscopy (AAS) with a
Perkin-Elmer 2380 apparatus.
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2.2 Electrochemical measurements

Electrochemical measurements were performed using
a potentiostat/galvanostat (PGSTAT30-2, AUTOLAB)
and a conventional three-electrode electrochemical
cell. A standard calomel electrode (SCE) and a
glassy carbon (GC) rod were employed as reference
and counter electrodes, respectively. The working
electrodes were prepared by mixing ultrasonically 4
mg of either PYMWCNTs or Pt/C-Vulcan, 200 uL
of Nafion solution (Aldrich, 5 wt.%) and 1 mL of
distilled water. An enough this mixture (4 ulL) was
uniformly applied over the freshly polished cross-
section (0.125 cm?) of a GC rod and dried by an
argon flow for 30 min. Firstly, the working electrodes
were activated by cyclic voltammetry (CV)ina 0.5 M
H,S0y4 solution at 50 mVs~until subsequent changes
in the CV curve shape became negligible. Then, the
electrocatalytic activity for nitrate electroreduction
(NER) was investigated in NaNO3 solutions at a scan
rate of 5 mVs~!and a potential window from 0.2 to
-1.0 V/SCE. The nitrate concentration [NO3~] was
varied from 0.001 to 1.0 M in presence of 0.5 M NaOH
as supporting electrolyte. Before measurements, the
nitrate solution was deaerated by bubbling high purity
Argon for 30 min.

3 Results and discussion

The Pt content determined by AAS was approximately
5, 10 and 25 wt.% for 10:1, 4:1, 2:1 and carbon support
and Pt precursor weight ratios, respectively.
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Fig. 1. XRD patterns of (a) MWCNTs, (b)
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Fig. 2. TEM images of (a) Pts/MWCNTs, (b)
Ptijo/MWCNTs, (c) Ptys/MWCNTs (insert Laue
pattern) and (d) Pty5/C-Vulcan.

Fig. 1 shows the typical XRD patterns of (a)
MWCTNsS, (b) Pts/MWCNTs, (c) Ptjop/MWCNTs and
(d) Ptos/MWCNTs. The angular Bragg positions of
Pt (JCPDS 04-0802) are indicated as a reference.
The broad reflection at 26 = 26.3° in Fig. 1(a) has
been usually assigned to the (002) plane of the
graphite-like structure of MWCNTSs (Halder et al.,
2009). The gradual increment of the characteristic
and broad Pt reflections observed from Figs. 1(b) to
1(d) suggests a progressive increase of small metallic
crystallites on the MWCNTSs surface. The patterns
reflections indicate there is no fundamental change in
the MWCNTs structure due to the incorporation of
Pt. The conventional C-Vulcan material displayed an
amorphous-like nature (not shown here).

Fig. 2 depicts the bright field TEM images of
Pts/MWCNTs, Ptjo/MWCNTSs, Pt;s/MWCNTSs and
Pty5/C-Vulcan. These images reveal fine particles in
dark contrast, uniformly distributed on either tubular
or granular carbon morphology. Since dark contrast
might be generated by the high absorption of electrons
from heavy atoms in the sample, dark areas were
associated with Pt atoms. Statistical analysis indicated
that Pt nanoparticles have sizes of about 2.5, 3.1, and
3.3 nm for 5, 10 and 25 wt.% Pt, respectively. For
25 wt.% Pt content, the particle size on C-Vulcan was
about 2.4 nm. A narrow size distribution was observed
in each case.
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Fig. 3. CVs for PYMWCNTs and Pt/C-Vulcan in 0.5

M H, S04 solution at 50 mVs~'and a potential window

from -0.2 to 1.0 V/SCE.

The Laue diffraction pattern produced by 200kV
and a distance L=100 cm of the sample of Ptys5/
MWCNTs is shown as an insert in Fig. 2(c). The
above results indicate that the particle size of the Pt
is not substantially increased, and a high dispersion
is maintained even when the metal load increases up
to 25% weight. Other methods of incorporating metal
particles on carbon supports via wet impregnation
have reported agglomeration problems even for minor
metallic fillers to 10% (Kijima et al., 2004; Abbasi
et al., 2013; Shenga et al., 2014). This suggests
that vapor-phase impregnation-decomposition method
technique is a factor that favors high dispersion with
small Pt particle size. Further investigation by infrared
spectroscopy could confirm the functionalization
of carbon substrate promoted by the impregnation
method in vapor-phase.

Table 1. Included values for BET surface area
of PYMWCNTs as well as Ptys/C-Vulcan, it can
be observed that the Pt/MWCNTSs materials exhibit
greater surface area than the reference material.

Table 1. BET area for Pt/MWCNTSs and
Pty5/C-Vulcan

Electrocatalyst BET area
[mg~']*

Pts/MWCNTs 236.8

Ptjo)/MWCNTs 257.4

Pt,5/MWCNTSs 269.1
Ptys/C-Vulcan 201.0

The CV curves for hydrogen and oxygen electro-
adsorption on Pt/MWCNTs and Pt/C-Vulcan in a
0.5 M H,SOy4 solution are shown in Fig. 3. Typical
regions of hydrogen adsorption/desorption, double
layer and oxygen electro-adsorption on Pt are clearly
distinguished at characteristic potentials. Surface
redox waves became more intense as Pt content
increased. For better comparison of the curves, the
electrochemically active surface area (ECSA) in the
hydrogen adsorption-desorption zone was calculated
per the eq. (1):

ECSA = Qn/0Op: (1

where Qy is the charge exchanged during the electro-
adsorption of Hy on Pt/MWCNTs (from -0.2 to
1 V/SCE) and Qp, = 210 uCcm™2 (Lim et al., 2009).
The Qg and ECSA values are summarized in the Table
2 and ESCA decreased in the order Pts/MWCNTSs >
Ptys/C-Vulcan > Ptjo/MWCNTs > Pts/MWCNTs.

The ESCA of an electrocatalyst not only
determines the number of catalytically active sites
available for an electrochemical reaction, but also is
an important parameter to compare different supports
(Halder et al., 2009; Shenga et al., 2014). Fig. 4 shows
the effects of Pt loading on the cyclic voltammograms
of both Pt supported on MWCNTs (a-c) and Pt
supported on conventional C-Vulcan (d) in IM NaNO3
+ 0.5 M NaOH solutions. The two types of materials
exhibit CV curves having a consistent redox process
from -0.7 to -1.0 V/SCE. The maximum current (i)
associated to this reduction process at about -0.82
V/SCE increases with Pt loading (Manzo-Robledo et
al., 2007; Estudillo-Wong et al., 2011).

This current is clearly attributed to the reduction
of nitrate ions since no redox process is observed
in the absence of nitrate (insert (e) Fig. 4). A
new reduction peak (i;) appear in the positive scan,
due to nitrate reduction on the “fresh" surface sites
produced by hydrogen desorption, and the magnitude
intensity becomes higher as a function of Pt loading.
Electroreduction of nitrates starts in the double-layer
region and is characterized by a current maximum at
-0.82 V/SCE for both directions of the scan. However,
it must be kept in mind that the current is the sum
of two processes, the reduction of nitrate ions and the
hydrogen adsorption-desorption (Taguchi et al., 2008).
In a positive scan, also appears a peak (i) that can be
attributed to the oxidation process of the reduction of
nitrates that were carried out in the negative scan and
its magnitude becomes greater to higher contents of Pt
(Estudillo-Wong et al., 2008).
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Fig. 4. CVs for Pt/MWCNTs (a) to (c) and
conventional Ptys/C-Vulcan (d) in nitrate solutions
1.0 M in alkali medium at 5mVs-1. Insert (e)
Ptps/MWCNT in NaOH. Insert (f) MWCNTs in
NaNO3 1M + NaOH.

The Pt/MWCNTs display i, values comparatively
higher than those observed with Pt/C-Vulcan, even
though the materials have similar ECSA, particle size,
Pt distribution and Pt content (for 25 wt.%). Higher
NER activity of PtyMWCNTs seems to be strongly
dependent on the inherent structural and electronic
features of MWCNTs. The structural features of
MWCNTs may facilitate remarkably the electron
transfer at the interfacial region between Pt and
electrolyte, as no reduction of nitrate is observed on
bare MWCNTs (insert (f) Fig. 4). This results in highly
catalytic electrodes for the NER process in alkaline
medium.

The applied potential and the pH are two elements
that play an important role in the NER process
whose quantitative determination of products and by-
products requires complicated quantitative analytical
methods (Brylev et al., 2007).

Table 2. Adsorption-desorption charge (Qy) and
ECSA for PtYMWCNTs and Pt/C-Vulcan
Material Qu *ECSA
[uC]  [em?]
Pts/MWCNTs  191.1 0.8
Ptjo)/MWCNTs  337.5 1.4
Ptos/MWCNTs  509.3 23
Ptys/C-Vulcan  361.1 1.8

*calculated with Qp; = 210uC cm™2

WWW.rmiq.org

A mechanism of reduction of NO3~ in alkaline
medium per the studies (Nicholson et al., 1964; 1965;
Manzo-Robledo et al., 2007), in which in accordance
tendency of the reduction potentials peaks, we would
have as main product is favored to N, and ammonium
in alkaline medium, using platinum and boron-doped
diamond electrodes, complementing with a sequence
proposed by Estudillo-Wong et al. (2011), since the
reduction of NO3~ to N species using a Pt supported
on carbon electrocatalyst in basic medium, are shown
in the eqgs. (2)-(6), it is also presented the generation
and adsorption of species H* 44y to the production of
hydrogen eq. (7), although these reactions would be
confirmed with analysis techniques as mass spectrum,
in order to obtain an overall reduction process.

NO3 gy + H2O +2¢” — NOy, +20H™ (2

ZNO;(aa's) +3H20 +10e™ — Na) +60H™  (2°)

NO3 sy + H2O+ € —> NOug) +20H™  (3)

2N05(ads) +4H,0 +6e” — Ny) +80H™  (3)

NO(uas) + HoO+ e~ —> HNO(oq) +20H™  (4)

2HNO 445y — N2Oads) + 60H™ ®))
NoOas) + HO +2¢” — Npy +20H™  (6)

2H,0 +2¢” —2H" +20H™ — (H # +H#) g4, + 20H™
—> Hy +20H
@)

The previous reactions imply an electronic or
multielectronic transfer (except eq. (5), pure chemical
reaction), as well as the adsorption of nitrated and
OH™ species on the surface of the electrode, are
important aspects that can affect the kinetics of the
reaction, so the support is an important component of
the electrocatalyst to facilitate an electronic transfer to
certain products. The nitrate electro-reduction reaction
in the egs. (2’) and (3’) could be carried out directly to
N> in a multielectronic process, this selective catalytic
reduction is fully desired (Brylev et al., 2007).
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Fig. 5. Logarithmic plots of the nitrate reduction
current (i_gg>) as a function of the nitrate
concentration.

Fig. 5 shows the logarithmic plots of the nitrate
reduction current (i_ggp) as a function of the nitrate
concentration. Current was estimated at -0.82 V/SCE,
close to i, where pure kinetic phenomena are taking
place, because the rate reaction at the electrode-
electrolyte interface at this point is controlled by
the transfer of electrons and not determined by the
mass transport (Srinivasan, 2006). The data linear
approximation yields a slope corresponding to the
order of the reaction associated to the reduction
reaction in accordance to eq. (8):

logli—o.82| = logkf +Blog[NO5] ®)

where 3 is the reaction order and k f is the rate constant
(Reyter et al., 2006). Both PtyMWCNTSs and Pt/C-
Vulcan present reaction orders lower than 1 (Table
3), where the value obtained for the support C-Vulcan
is similar in accordance to reported in other study of
reference (Estudillo-Wong et al., 2011).

Table 3. Reaction order 8 and reaction rate constant
ks for PYMWCNTs and Pt/C-Vulcan

Electrocatalyst ~ g* kg

UA [mol L7118
Pts/MWCNTs  0.22 52.26
Ptjo/MWCNTs  0.36 173.78
Ptys/MWCNTs  0.49 489.77
Pty5/C-Vulcan  0.25 75.86

*calculated at E = -820 mV / SCE

The values founded in this study probably indicate
that not only the nitrate concentration influences the
reduction, but also the intrinsic favorable features of
MWCNTs as structural and electronic, suggests that
they have the ability to promote electrons transfer
reaction when used as an electrode material (Capula-
Colindres et al., 2019), allowing to have better values
in the NER activity (Weihua er al. 2008). The
considerable high rate constants for PtYMWCNTs are
consistent with the high catalytic activity.

Conclusions

Pt nanoparticles were supported on MWCNTs and
C-Vulcan XC72 by a vapor-phase impregnation-
decomposition method and their catalytic activity was
investigated in the NER process. Both types of carbon
support and the particle incorporation method favor
the formation and dispersion of small Pt particles.
The NER showed superior activity with Pt/MWCNTSs
materials than Pt/C-Vulcan XC72, even when both
catalysts are comparable in ECSA, particle size,
distribution and content of Pt on the conventional
carbon support. The superior nitrate electroreduction
activity was associated to the inherent structural and
electronic features of MWCNTs. Optimum content of
Pt supported on MWCNTs was 25 wt.% according
to the results of current reduction nitrate, reaction
order B8 and rate constant kf. Thus, Pt/MWCNTs
are attractive materials for electrodes on the nitrate
reduction process in alkaline medium.
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