Materials Chemistry and Physics 200 (2017) 354—360

journal homepage: www.elsevier.com/locate/matchemphys

Contents lists available at ScienceDirect

Materials Chemistry and Physics

Platinum nanoparticles supported on nitrogen-doped carbon for

ammonia electro-oxidation

CrossMark

Vilmaria A. Ribeiro, Isabel C. de Freitas, Almir O. Neto, Estevam V. Spinacé,

Jalio César M. Silva"

Instituto de Pesquisas Energéticas e Nucleares, IPEN/CNEN-SP, Av. Prof. Lineu Prestes, 2242 Cidade Universitaria, CEP 05508-900, Sao Paulo, SP, Brazil

HIGHLIGHTS

o Nitrogen-doped carbon used as support for Pt nanoparticles (Pt/NC).
e The catalytic activity of Pt/NC for ammonia electro-oxidation.

o Superior catalytic activity of Pt/NC compared to Pt/C for ammonia electro-oxidation.
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Pt nanoparticles supported on carbon (Pt/C) and nitrogen-doped carbon (Pt/NC) were prepared by an
alcohol-reduction process and used for ammonia electro-oxidation in alkaline media. Nitrogen-doped
carbons were prepared by thermal treatment of urea and Carbon Vulcan XC72 at 800 °C under argon
atmosphere. The obtained materials showed the presence of face centered cubic structure of Pt and mean
particle sizes in the range of 3—3.7 nm. X-ray photoelectron spectroscopy results revealed that Pt/NC 5
(carbon prepared with 5% of urea) presents more Pt on the surface than Pt/C, and the nanoparticles are
predominantly in the metallic state. The electrocatalytic activity was investigated by cyclic voltammetry
and chronoamperometry experiments. Pt/NC materials showed a higher electrocatalytic activity for
ammonia electro-oxidation than Pt/C, whereby the material Pt/NC 5 showed the peak current density
161% higher than Pt/C. The increase of activity might be related to the high electrochemically accessible
area of Pt/NC and the improvement on the interaction with water due to the nitrogen onto the support

which could contribute to the oxidation of intermediate products from ammonia electro-oxidation.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Ammonia electro-oxidation has been attracting attention in the
recently years from different prospects such as energy generation
in the Direct ammonia fuel cells, production of high purity
hydrogen and wastewater treatment [1,2]. Taking into account the
environmental viewpoints, ammonia is a toxic pollutant in
discharge water that leads to the eutrophication of the ecosystem
[3—5]. Additionally, ammonia has been reported to be potentially
harmful to public safety [5]. Thus, the study of ammonia electro-
oxidation is an important issue in the energetic and environ-
mental field [2,6].
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Ammonia electro-oxidation is a slow process at low tempera-
ture and materials with high catalytic activity are required for this
process [4]. Among various metals, platinum has been identified as
the most effectively to promote ammonia electro-oxidation [1,4,7].
However, the catalytic activity of Pt towards ammonia electro-
oxidation is affected by strongly adsorbed N,4qs poisoning specie
[4,7,8]. In order to overcome this issue, based platinum binary e.g.
PtIr, PtPd, PtRu, PtRh, PtSn and PtAu [4,7,9—11] or multi-metallic
electrocatalysts i.e. PtPdRh [5] are proposed in the literature.

The electrocatalysts for ammonia electro-oxidation are usually
synthesized as nanoparticles and the most common support for the
nanoparticles is carbon black due to its large surface area, high
electrical conductivity, porous structures and low cost [12,13].

However, this inert material does not enhance electrocatalytic
activities, but serves mostly as a mechanical support [12,14,15]. In
order to improve the catalytic activity of the materials, different
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efforts have been devoted in the modification of carbon support
[16,17]. In this sense, carbon has been doped with different elements,
suchas, N, B, S, Se [ 16]. Nitrogen-doped carbon black has been studied
because nitrogen enhances electron-donor of the carbon material
since nitrogen has one electron more than carbon in the external shell
[16,17]. Thus, nitrogen-doped carbon materials have been used as a
support to nanoparticles applied for different reactions such as glyc-
erol electro-oxidation [18], methanol electro-oxidation [13],
hydrogen evolution reactions [17] and oxygen reduction reaction
[16,19]. In all these cases, the nitrogen-doped carbon has improved
the electrocatalytic activity of the materials. According to the litera-
ture, nitrogen-doped carbon increases the support/catalyst chemical
binding [ 13,18]. Synthesis of nitrogen-doped carbon can be carried out
by two approaches, direct doping during the syntheses of the carbon
materials or by post-doping treatment [13,16]. The post-doping
approach consists in carbon treatment in the presence of a nitrogen
source. Most part of the post-doping treatment are usually conducted
at temperatures between 600 °C and 1100 °C depending on the pre-
cursor used [20]. Dominguez et al. [20] doped carbon nanotubes with
nitrogen using urea as precursors, the process was carried out at
thermal treatment at 800 °C.

To the best of our knowledge, there are no reports that study the
effect of nitrogen-doped carbon used as a support to nanoparticles
towards ammonia electro-oxidation. Thus, in the present study,
carbon was doped with different percentages of urea, used as the
source of nitrogen, and then used as support to platinum nano-
particles. The synthesized materials were evaluated towards
ammonia electro-oxidation reaction.

2. Experimental

Nitrogen-doped carbons were prepared based on a procedure
described in reference [21]. In this process, a physical mixture of
urea (1, 2.5 and 5 wt%) and carbon Vulcan XC72 Cabot (previous
treated at in a tubular oven at 800 °C under argon atmosphere)
were heated (10 °C min~!) under argon atmosphere in a tubular
furnace at 800 °C and remained in this temperature for 1 h. After
this, the obtained solids were washed with excess of water and
dried at 70 °C for 2 h.

Platinum supported on carbon (Pt/C) and on Nitrogen-doped
carbons (Pt/NC) electrocatalysts (20 wt% of Pt) were prepared by
the alcohol-reduction process [21]. The Pt precursor, HyPtClg- 6H,0
(Sigma-Aldrich), was diluted in a solution containing 3 parts of
ethylene glycol and 1 of water, then carbon (Vulcan XC72 Cabot) or
N-doped carbons were added. The dispersions were kept in an
ultrasonic bath for 20 min and submitted to reflux for 3 h under
open atmosphere at 150 °C. Then, the resulting solids were filtered
and washed with deionized water and dried in an oven at 70 °C for
2 h. In the end of this process, Pt nanoparticles supported on carbon
denoted Pt/C, and Pt nanoparticles supported on Nitrogen-doped
carbons prepared with 1%, 2.5% and 5 wt% of urea, denoted Pt/NC
1, Pt/NC 2.5 and Pt/NC 5, respectively, were obtained.

A Rigaku diffractometer model Miniflex Il using Cu Ko, radiation
source (0.15406 nm) was used to characterize the synthesized
materials by X-ray diffraction (XRD). The X-ray diffraction patterns
were recorded with a step size of 0.05° and a scan time of 2 s per
step from 20 = 20°—90°.

A JEOL transmission electron microscope (TEM) model JEM-
2100 operated at 200 kV was used to perform the analysis in or-
der to obtain information about the distribution and sizes of the
nanoparticles. About 200 nanoparticles at different regions of the
materials were measured in order to construct the histograms.

The X-ray photoelectron spectroscopy (XPS) analysis were done
with an SPECSLAB II (Phoibos-Hsa 3500 150, 9 channeltrons) SPECS
spectrometer, with Al Ka source (E = 1486.6 eV) working at 15 kV,

Epass = 40 eV, 0.2 eV energy step and 2 s per point was the
acquisition time.

The synthesized materials were kept on stainless steel sample-
holders and transported under inert atmosphere to the pre-
chamber of the XPS staying there in a vacuum atmosphere for 2 h.
The binding energies (BE) of Pt 4f, N 1s, O 1s and C 1s were referenced
to the C 1s peak, at 284.5 eV, providing accuracy within +0.2 eV.

Electrochemical measurements were performed with a poten-
tiostat/galvanostat PGSTAT 302 N Autolab at room temperature and
in a three-compartiment electrochemical cell made of Teflon. As
counter electrode and reference electrode were used a platinum foil
and a Hg/HgO, respectively. A Glassy carbon (GC) with the geo-
metric area of 0.031 cm? was used as working electrodes to support
the synthesized materials. Alumina (1 pm) was employed to polish
the GC support before each experiment. In all experimental pro-
cedures Ultrapure water obtained from a Milli-Q system (Milli-
pore®) was used.

The working electrodes were constructed by dispersing 6 mg of
the electrocatalyst powder in 900 pL of water, 100 of uL isopropyl
alcohol and 40 pL of 5% Nafion®. Then the mixture was dispersed in
an ultrasonic bath for 30 min. Shortly thereafter, aliquots of 10 uL of
the dispersion fluid were deposited onto the GC surface and dried
for 20 min at 60 °C. 1 mol L~' KOH solution was used in all the
electrochemical measurements.

Cyclic voltammograms (CV) in ammonia free solutions were
carried out at the potential range of —0.85 V to 0.1 V vs Hg/HgO at a
scan rate of 20 mV s—'. The electrocatalysts were cycled for five
consecutive cycles resulting in the reproducible shape of the CVs.
The CV in ammonia in the 1 mol L~! KOH and 0.5 mol L~ NH,OH
solution were carried out at a scan rate of 20 mV s—!
between —0.98 V and 0.2 V vs Hg/HgO. The electrocatalysts were
cycled for three consecutive cycles and the third cycle is shown.
Chronoamperometric experiments were carried out at — 0.30 V vs.
Hg/HgO for 2 h. The catalyst electrochemical active surface area
(ECSA) was measured using the charge involved in the hydrogen
desorption [12].

3. Results and discussion
Fig. 1 shows the XRD patterns of the synthesized electrocatalysts

Pt/C, Pt/NC 1, Pt/NCN 2.5 and Pt/NC 5. In all XRD patterns, a broad
peak at about 25° 20 is due to the (022) reflection of the hexagonal
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Fig. 1. X-ray diffraction patterns for Pt/C, Pt/C-N 1, Pt/C-N 2.5 and Pt/C-N 5
electrocatalysts.
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Fig. 2. TEM micrographs of Pt/C, Pt/N-C1, Pt/N-C 2.5 and Pt/N-C 5 electrocatalysts and their respective histograms.
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well dispersed on the carbon support and smaller than 8 nm in all
the cases which is characteristic of the alcohol reduction process
[24,25]. The mean nanoparticle sizes of the platinum are 3.5 + 0.9,
3.6 +0.9,3.7 + 0.9 and 3.0 + 0.7, for Pt/CN 5, Pt/CN 2.5, Pt/CN 1 and
Pt/C, respectively, are in agreement to our previous publication
[26]. From the TEM analysis it is possible to see that the particles
sizes are similar in all the materials.

To obtain information of the bonding state of the catalysts, XPS C
1s, O1s and Pt 4f core level spectra were recorded. As it can be seen
in Fig. 3a, the C 1s spectrum was deconvoluted into six peaks [27].
The dominant peak at about 284.4 eV is assigned to graphitic car-
bon phase, whereas the peak at around 286 eV is related to hy-
drocarbons (C—H) from defects in the graphitic structure [27—29].
As it can be seen in Table 1, there were observed three more peaks
which corresponds to carbon—oxygen bonding structures (—C—OH,
>C=0 and —COOH), and a peak assigned to ® — m* plasmon
excitation [27,29].

In Fig. 3b, the fitted O1s XPS spectra are shown. It was observed
three peaks related to surface oxygen species at about 530, 533 and
535 eV assigned to surface oxygen species, which correspond to the
lattice oxygen (Oy), surface oxygen species bonded to metal atoms
or carbon support (Os) and oxygen atoms bonded to carbon by

double bonds (O¢) [27]. From Table 2, it is possible to see that the
value of atomic XPS O 1s/C 1s ratio of Pt/C is lower than Pt/NC 5
(0.21 and 0.13, respectively), which indicates that Pt/C presents
more oxygen on the surface than Pt/NC 5.

As shown in Fig. 3¢, the deconvoluted Pt 4f spectrum are formed
by three spin-orbit doublets with binding energies of Pt 4f7,
components at ~71.4 eV, 72.6 eV and 74.4 eV, attributed to metallic
Pt, Pt(OH); and PtO, phases, respectively [10,30]. As the mean
particle size is smaller than the XPS sampling depth (~5 nm) the
XPS data reflect the core-shell structure of the catalyst, with a near
surface region formed by external layers of PtO, and Pt(OH), [10].
Taking into account the fitted peak areas of the Pt/C the hydroxide
layers and oxides layers correspond to 37% of the peak area, while
for Pt/NC 5 hydroxide layers and oxides layers correspond to 33% of
the peak area. As it can be observed in Table 2, Pt/NC 5 presents
higher percentage of Pt than Pt/C. It is important to stress that the
value of atomic XPS Pt 4f/C 1s ratio is higher for Pt/NC 5 than Pt/C
(0.30 and 0.41, respectively) indicating that Pt/NC 5 presents more
platinum on the surface that Pt/C.

From Fig. 3d it is possible to observe that the peak related toN 1s
at around 400 eV [20]. Although it is possible to observe a peak
related to nitrogen element spectra region for both CN 5 and Pt/NC
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Fig. 3. Fitted XPS C 1s (a), O 1s (b) Pt 4f (c) and N 1s (d) of Pt/C, Pt/N-C 5, C and C-N 5.
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Table 1
XPS characteristics of C 1s region for samples.

Sample Binding energy (eV)
Peak I C—C Peak Il C—H (defects) Peak Il —C—OH Peak IV > C=0 Peak V — COOH Peak VI T —7t?
C 284.5 (61)° 286.4 (20) 288.0 (8) 289.6 (5) 290.7 (4) 293.2 (2)
CN 5 284.5 (55) 286.1 (23) 287.5 (10 289.2 (6) 290.1 (4) 2929 (2)
Pt/C 284.5 (47) 286.1 (25) 287.4 (15 289.0 (7) 290.5 (4) 2923 (2)
Pt/NC 5 284.5 (56) 286.0 (22) 287.3 (10 288.9 (6) 290.5 (4) 292.3 (2)
2 Percent of species.
Table 2
XPS characteristics of Pt 4f and O 1s region for samples.
Samples Binding energy (eV) Binding energy (eV) Pt 4f/C 1s 0 1s/C1s
Pt (0) Pt (II) Pt (1V) oL Os Ow
C n.d. n.d. n.d. 530.9 (10) 533.2 (80) 535.8 (10) n.d. 0.06
CN 5 n.d. n.d. n.d. 530.8 (8) 533.3 (84) 536.0 (8) n.d. 0.10
Pt/C 71,4 (63)* 72,6 (23) 744 (14) 531.7 (24) 533.7 (67) 536.2 (9) 030 0.21
Pt/NC 5 71,4 (67) 72,7 (22) 74,6 (11) 531,8 (4) 533.2 (90) 536.2 (6) 0.41 0.13

2 Percent of species.

5, which was not seen for Pt/C, the presence of N on the surface are
only in very small amount and the deconvolution of peaks was not
performed because of noisy N 1s spectra. However, it is clear that
the N is present in the carbon doped with urea.

The cyclic voltammetry of the electrocatalysts in 1 mol L~ KOH
in the potential range of —0.85 V to 0.1 V are shown in Fig. 4. As it
can be observed, the shape of the CVs get broader as the amount of
nitrogen-doping on the carbon support increases. These results
suggest that Pt/NC 5 has the highest electrochemically accessible
area. Curiously, the mean particles sizes obtained by TEM micro-
graphs and by Scherrer equation from XRD are similar for all ma-
terials. This means that somehow the nitrogen on the support
increases the platinum nanoparticles accessible area. In fact, from
the XPS analysis was observed that Pt/NC 5 has more platinum on
the catalyst surface than Pt/C, which explains the results from CV in
1 mol L~! KOH.

The hydrogen adsorption/desorption process at about —0.73 V
and —0.53 V are present on CVs [10,31]. The potential region
from —0.30 to 0.1 V is associated with the formation of an oxide
layer on the platinum surface [10,32] and the cathodic peak at
around — 0.25 V is due to platinum oxide reduction [10,33].

—Pt/C
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—Pt/N-C 2.5
104 —Pt/N-C 5
.
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Fig. 4. Voltammograms of Pt/C, Pt/N-C 1, Pt/N-C 2.5 and Pt/N-C 5 in 1 moL L~! KOH at
20 mVs~,

In Fig. 5, it can be seen the CVs of the electrocatalysts in 1 M
KOH +0.5 M NH40H. The shape of the CVs is in agreement to the
reported in the literature for ammonia electro-oxidation on Pt/C
[4,7,10,11]. As it can be observed, the onset potential for ammonia
electro-oxidation shifts to lower potential as the amount of urea on
carbon increases. The peak current density from ammonia electro-
oxidation on Pt/NC 5 is about 56%, 95% and 161% higher than on Pt/
NC 2.5, Pt/NC 1 and Pt/C, respectively. Thus, the highest catalytic
activity of the Pt/NC 5 material is notable.

Pt/NC has also shown a higher catalytic activity than Pt/C to-
wards methanol electro-oxidation [13]. Thamer et al. [34] per-
formed experiments related to the methanol electro-oxidation on
Ni nanoparticles supported on nitrogen-doped carbon nanofibers,
and according to the authors the catalytic activity of the materials
increased from 1% up to 4% of the N precursor. The improvement in
the catalytic activity of the materials was attributed to an increase
of the electronic conductivity of the carbon nanofibers by nitrogen
and also an improvement of the wettability of the materials. Thus,
the nitrogen doping carbon might improve the catalytic activity of
platinum nanoparticles by different effects: (I) The electrochemi-
cally accessible area, since electrochemical active surface area

300
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E /V vs. Hg/HgO

Fig. 5. Voltammograms of Pt/C, Pt/N-C 1, Pt/N-C 2.5 and Pt/N-C 5 in 1 moL L'
KOH +0.5 moL L™ NH,OH at 20 mVs™".
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Fig. 6. Chronoamperometric results at — 0.35 V for Pt/C, Pt/N-C 1, Pt/N-C 2.5 and Pt/N-
C5in 1 moL L™" KOH +0.5 moL L' NH,OH.

measured using the charge involved in the hydrogen desorption
regionwas 4.2, 3.6, 2.4, and 1.1 cm~2, for Pt/NC 5, Pt/N-C 2.5, Pt/NC 1
and Pt/C, respectively. (II) The improvement in the interaction with
water due to the nitrogen onto the support, which could contribute
to the oxidation of intermediates products from ammonia electro-
oxidation [12].

In Fig. 6 are the results of chronoamperometry experiments at —
0.35 V during 2 h in the 1 mol L~! KOH +0.5 mol L~! NH4OH. As it
can be seen, the current density decreases significantly within the
first minutes but becomes less pronounced after 30 min. The cur-
rent continuous decline might be due to the surface poisoning by
the inactive intermediates, i.e., Naygs as it was also reported in the
literature for various Pt-based catalysts [4,10,35].

Similar to CV experiments, Pt/NC 5 has the highest current
density compared to other electrocatalysts, whereas the current
density on Pt/C was the lowest. Using Pt/NC 5 the current density
from ammonia electro-oxidation was about 45%, 128% and 400%
higher than using Pt/NC 2.5, Pt/NC 1% and Pt/C, respectively.

As it can be observed, in both CV and CA experiments, nitrogen
doping carbon improves the catalytic activity of platinum towards
ammonia electro-oxidation. These results are important since there
are many reports in the literature in which binary or ternary elec-
trocatalysts are proposed in order to improve the ammonia electro-
oxidation reaction [4,7,9—11,36,37]. However, as the best of our
knowledge, there are no studies using nitrogen-doping carbon as a
support to platinum nanoparticles for ammonia electro-oxidation
reaction.

4. Conclusions

The results of this work show that the ammonia electro-
oxidation on platinum nanoparticles can be improved by
nitrogen-doped carbon. As it was shown by TEM analysis, the mean
particles sizes were from 3 to 3.7 nm for all the electrocatalysts
synthesized and the nanoparticles were well dispersed on carbon
and nitrogen-doped carbon support. According to XPS measure-
ments, Pt/NC 5 presents more Pt and less oxygen on the surface
than the Pt/C. In CA analysis, the current density from ammonia
electro-oxidation at a 2-h experiment on Pt/NC 5 was about 400%
higher than on Pt/C. It was also observed that the catalytic activity
of the materials for ammonia electro-oxidation increases as the
amount of urea used as a source of nitrogen to prepare nitrogen-
doped carbon increases from 1 to 5%.

The improved catalytic activity might be related to the high
electrochemically accessible area of Pt/NC materials and the
enhancement of the interaction with water due to the nitrogen
onto the support, which could contribute to the oxidation of in-
termediate products from ammonia electro-oxidation.
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