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Abstract P-doped carbon was prepared by thermal treatment of
commercial carbon Vulcan XC72 with H;PO,4 at 800 °C. PtRu
nanoparticles were supported on carbon Vulcan XC72 (C) and
on P-doped carbon (P-C) using an alcohol reduction process.
The obtained materials were characterized by energy-dispersive
X-ray spectroscopy, Raman spectroscopy, X-ray diffraction,
transmission electron microscopy, and cyclic voltammetry. The
performance of the electrocatalyst was evaluated for methanol
electro-oxidation. The intensities of D-band and G-band of
Raman spectra were different for P-doped carbon and carbon
Vulcan XC72. X-ray diffraction of PtRu/C electrocatalyst
showed that Pt face-centered cubic phase and Ru amorphous
phase coexist in this material, while for PtRu/P-C electrocatalyst,
it was observed the presence of PtRu alloy and Ru hexagonal
close-packed phases. The use of P-doped carbon as support for
PtRu nanoparticles improves the methanol electro-oxidation.
This increase of activity could be attributed to a decrease of
average nanoparticle sizes and/or more active Pt and Ru species
resulting from metal-support interactions.

Keywords P-doped carbon - Platinum - Ruthenium -
Nanoparticles - Electrocatalysts - Methanol
Introduction

Fuel cells convert chemical energy directly into electrical en-
ergy with high efficiency; however, the use of hydrogen as a
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fuel still presents problems, principally with its storage [1]. In
this sense, fuel cells employing liquid fuels as combustible are
very attractive as power source for portable and mobile appli-
cations [2]. Methanol is a liquid fuel that can be produced from
fossil or renewable resources [3, 4], and its use in fuel cell
(direct methanol fuel cell (DMFC)) has been aroused great
interest. PtRu nanoparticles supported on carbon (PtRu/C)
has been proved to be the most effective catalyst for methanol
electro-oxidation; on the other hand, its sluggish kinetics
should be improved to produced highly efficient DMFCs [5].
The performances of PtRu/C electrocatalysts have been shown
to be strongly dependent on the method of preparation and on
the characteristics of the carbon support. Thus, many studies
have been reported on the synthesis of heteroatom-doped car-
bons and their use as supports to prepare Pt/C and PtRu/C
electrocatalysts for methanol electro-oxidation [6, 7].
Nitrogen-doped carbons have been the most studied material
as support to prepare electrocatalysts for DMFC. The increase
of performance of these materials has been attributed to a mod-
ification of nucleation and growth kinetics during nanoparticle
deposition resulting in smaller particle sizes and increased par-
ticle dispersion. Also, increased support-nanoparticle interac-
tion results in enhanced durability and modification of elec-
tronic structure enhancing the catalytic activity [6, 8].

Lately, the use of phosphorous species in the synthesis of Pt
and PtRu electrocatalysts has been described in the literature.
Daimon and Kurobe [9] prepared PtRu nanoparticles supported
on carbon support by a polyol process in the presence of non-
metallic elements like N, P, and S, where different sources of
phosphorous like hypophosphite, hydrogenphosphite,
dihydrogenphosphate were added in the synthesis process. It
was observed that the addition of non-metallic elements re-
duced the size of PtRu catalyst particle and improved the cat-
alytic performance for methanol electro-oxidation, being P the
most effective additive on the particle size reduction. PtRuP/C
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[10] and PtRuNiP/C [11] electrocatalysts were also prepared by
different methodologies adding hypophosphite as phosphorous
source in the synthesis process. The obtained materials showed
good activity for methanol electro-oxidation. Chang et al. [12]
showed that the deposition of Pt on Ni,P/C enhanced the ac-
tivity and durability of the resulting Pt-Ni,P/C electrocatalyst
for methanol electro-oxidation. Non-supported electrocatalysts
like porous Pt-Ni-P [13] and dendritic Pt-Ni-P [14] also showed
good performances for methanol electro-oxidation. On the oth-
er hand, the use of phosphorous-doped carbons as support to
prepare electrocatalysts for methanol electro-oxidation has
been little explored. Liu et al. [15] prepared Pt supported on
phosphorous-doped carbon nanotube as anode for DMFC in-
dicating a highly potential application of this catalyst. Song
et al. [16] prepared Pt nanoparticles incorporated into
phosphorous-doped ordered mesoporous carbons and de-
scribed that this may be an excellent anode catalyst for DMFC.

Despite these good results, the preparation of PtRu nano-
particles supported on phosphorous-doped carbon (PtRu/P-C)
has not been described in the literature. In this work, P-doped
carbon was prepared by thermal treatment of carbon Vulcan
XC72 with H3PO,4 and used as support for Pt and PtRu nano-
particles. The resulting Pt/P-C and PtRu/P-C electrocatalysts
were tested for methanol electro-oxidation.

Materials and Methods
Synthesis of P-Doped Carbon

P-doped carbon was prepared by a procedure similar to de-
scribed in the references [17, 18]; in this process, 200 mg of
carbon Vulcan XC72 was dispersed in 5 mL of water and
160 mg of phosphoric acid was added. The resulting mixture
was stirred for 20 min and dried at 80 °C for 2 h. The obtained
paste mixture was heated under argon flow (100 mL min ') in
a tube furnace from room temperature to 800 °C (10 °C min ')
and maintained for 2 h. Finally, the solid was cooled under
argon flow to room temperature, washed with excess of water,
and dried at 70 °C for 2 h.

Preparation of Pt and PtRu Electrocatalysts

PtRu/C eletrocatalysts (Pt/Ru atomic ratio 50:50) were pre-
pared by an alcohol reduction process [19] with 20 wt% of
metal loading using H,PtCls'H,O (Aldrich) and RuClyxH,O
(Aldrich) as metal sources, ethylene glycol (Merck) as solvent
and reducing agent, and carbon Vulcan XC72 or P-doped
carbon as supports. In a typical procedure, the metal sources
were dissolved in ethylene glycol/water (75/25, v/v) and the
carbon support was added. The resulting mixtures were treat-
ed in an ultrasound bath and were refluxed for 3 h under open
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atmosphere. The mixtures were filtered and the solids washed
with water and dried at 70 °C for 2 h.

Characterizations

Raman measurements of carbon supports were performed on
LAMULT (Xplora) da Horiba spectrometer with a laser wave-
length of 532 nm. The spectra were obtained in triplicate for
each sample in the region between 1200 and 1700 cm .

The Pt/Ru atomic ratios of the electrocatalysts were obtain-
ed by EDAX analysis using a scanning electron microscope
Philips XL30 with a 20 keV electron beam and equipped with
EDAX DX-4 microanalyzer.

The X-ray diffraction analyses were performed using a
Rigaku diffractometer model Miniflex II using Cu K« radia-
tion source (1 = 0.15406 nm). The diffractograms were record-
ed in the range of 20 between 20° and 90° with a step size of
0.05° and a scan time of 2 s per step.

Transmission electron microscopy (TEM) was carried out
using a JEOL JEM-2100 electron microscope operated at
200 kV. The average particle sizes were determined by mea-
suring of 200 nanoparticles from micrographs using Image
Tool Software.

Electrochemical Measurements

The electrochemical experiments were performed using
Metrohm Autolab potentiostat. A three-electrode cell system
with an ultrathin vitreous carbon layer previously polished
was used as work electrode, a platinum plate as counter elec-
trode, and hydrogen electrode (HRE) as reference. An aliquot
of ultrasonicated catalytic ink containing water (900 pL), iso-
propyl alcohol (100 pL), Nafion solution 5% (20 uL), and the
catalytic powder (1 mg) was dropped onto the electrode sur-
face, and it was dried in air. Cyclic voltammetry (CV) and
chronoamperometry (CA) tests were carried out to character-
ize and test the electrocatalytic activity of the as-prepared ma-
terials. CV was performed in 0.5 mol L ! H,S0, at a scan rate
of 50 mV s '. CA experiments were carried out in 1 mol L™
of methanol in 0.5 mol L' H,SO, at 0.5 V (vs. RHE) for
1800 s. For comparative purposes, a commercial Pt/C from
BASF (20 wt% Pt on Vulcan XC72, Lot #F0381022) and
PtRu/C from BASF (20 wt% PtRu on Vulcan XC72, Pt/Ru
atomic ratio of 1:1, Lot #C1180928) were used.

Results and Discussion

Initially, the carbon Vulcan XC72 was treated at 800 °C under
argon atmosphere to eliminate any impurities present. Further,
it was treated in the presence of H;PO, at 800 °C in an argon
atmosphere. The Raman spectra were used to confirm the
structure of P-doped carbon (Fig. 1). The ratio of intensities
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of D-band (1340 cm™ ") and G-band (1590 cm ') was used to
measure the carbon disorder caused by H;PO, activation [20].
The Ip/Ig ratios of P-doped carbons are greater than the ones
observed for undoped carbons [16, 17, 20]. As expected, the
Ip/Ig ratio of the prepared P-doped carbon (0.81 + 0.02) was
greater than the one of the starting material Vulcan XC72
(0.71 £ 0.04). The H3PO, treatment could also promote an
increase of pore volume, pore size distribution, and specific
surface area as already observed in similar studies [16, 20].
The XPS P2p spectra of P-doped carbons prepared in a similar
way [17, 18] showed the presence of P-C bonding, which is a
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Fig. 2 X-ray diffraction of carbon support, P-doped carbon support, and
Ru/C, Ru/P-C, Pt/C, Pt/P-C, PtRu/C, and PtRu/P-C electrocatalysts

Raman shift (cm™)

result of bond cleavage reactions and the formation of cross-
links between phosphoric acid and carbon-containing frag-
ments during activation. The presence of P-O bondings was
also observed in the XPS spectra, and it was attributed to the
presence of phosphate species that were bonded to carbon
through the oxygen atom forming P-O-C bonding [17, 18].
The X-ray diffractograms of Pt, Ru, and PtRu nanoparticles
supported on Vulcan XC72 (Pt/C, Ru/C, and PtRu/C) and on
P-doped carbon (Pt/P-C, Ru/P-C, and PtRu/P-C) are shown in
Fig. 2. For Vulcan XC72 support (C) and P-doped carbons (P-
C), it was observed two broad peaks at about 20 = 25° and 43°
associated to the (002) and (004) planes of hexagonal structure
and characteristic of amorphous carbon [21]. The XRD dif-
fraction of Ru/C electrocatalyst only showed the peaks char-
acteristic of amorphous carbon; no peaks of crystalline Ru
metallic or Ru oxide phases were observed, suggesting that
Ru was present as an amorphous phase. On the other hand, X-
ray diffractogram of Ru/P-C electrocatalyst showed many
peaks that were compared to ICDD database for metallic Ru,
ruthenium oxides, ruthenium phosphides [22, 23], and ruthe-
nium phosphates [24]. However, the broadness and overlap-
ping of the diffraction peaks make the analysis difficult. As a
result, only a hexagonal closed packed (hcp) structure typical
for metallic Ru could be identified by the broad peak at about
20 = 44°, which is the most intense reflection, and by the
additional peaks at about 38.4°, 69.4°, and 84.7° [25]. The
remaining peaks could not be exactly matched with other
phases containing Ru, P, and/or O. Nevertheless, the presence
of phases containing these elements cannot be discarded. X-
ray diffractograms of Pt/C and Pt/P-C electrocatalysts showed
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Fig. 3 Transmission electron micrographs of Pt/C, Pt/P-C, PtRu/C, and PtRu/P-C electrocatalyts

the typical peaks of Pt face-centered cubic (cfc) structure
showing peaks at approximately 26 = 39°, 46°, 67°, and 81°
that correspond to (111), (200), (220), and (311) planes, re-
spectively [19]. PtRu/C electrocatalyst also showed the char-
acteristic peaks of Pt (fcc) phase, and they were not shifted to
higher angles indicating no PtRu alloy formation [19]. No
peaks of Ru metallic or Ru oxide phases were observed sug-
gesting that Ru was present as an amorphous phase, since in
the EDX analysis of this sample, the Pt/Ru experimental
atomic ratio was 52:48 which is very close to the nominal
ratio 50:50. Interestingly, X-ray diffractogram of PtRu/P-C
electrocatalyts showed the characteristic peaks of Pt (fcc)
phase; however, they were shifted to higher angles indicating
a PtRu alloy formation [19]. It was also observed the presence
ofa peak at about 20 = 44°, which is characteristic of Ru (hcp)
phase [25]. In this case, a Pt/Ru atomic ratio (45:55) similar to
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the nominal value was also obtained. Curiously, comparing
the materials containing Ru (Ru/C with Ru/P-C and PtRu/C
with PtRu/P-C), it can be seen that when carbon Vulcan XC72
(C) was used as support, diffraction peaks of crystalline Ru
phases were not observed, while for materials prepared using
P-doped carbon (P-C), the presence of crystalline Ru phases
was observed.

The transmission electron micrographs of Pt/C, Pt/P-C,
PtRu/C, and PtRu/P-C electrocatalysts are shown in Fig. 3.
For Pt/C electrocatalyst, it was observed a good distribution
of Pt nanoparticles on the carbon support and an average par-
ticle size of 4.2 nm, while for Pt/P-C electrocatalyst, the nano-
particles are also well dispersed and in a smaller average size
(3.8 nm). A similar feature was observed for PtRu/C (3.7 nm)
and PtRu/P-C (2.9 nm) electrocatalysts. It was already de-
scribed that the addition of phosphorous sources on the
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Fig. 4 Cyclic voltammograms of 100

a Pt/C, Pt/P-C, and commercial
Pt/C and b PtRu/C and PtRu/P-C
and commercial PtRu/C
electrocatalysts in solution of
0.5 mol L™! H,S04 at 50 mV s~
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synthesis of PtRu/C electrocatalysts [9] and the preparation of
Pt/C using phosphorus-doped ordered mesoporous carbons as
support decreased the average particle sizes [15].

The CVs of Pt/C, Pt/P-C, PtRu/C, PtRu/P-C, and commer-
cial electrocatalysts in 0.5 mol L ! ofH,SO, at 50 mV s ! are
shown in Fig. 4a, b. The CV of Pt/C is in accordance to ex-
pected electrocatalyst profile in acid media showing the hy-
drogen adsorption/desorption region, double-layer region, and
oxide formation region at 0.0-0.4, 0.4-0.65, and >0.65 V,
respectively. The hydrogen adsorption/desorption region peak
at 0.05-0.15 V was assigned to the (110)-type sites, and the

0.4 0.6 0.8 1.0

E (V vsRHE)

0.0 0.2

peak at 0.20-0.30 V contains two contributions from (100)
step sites on (111) terraces and the sites close to the steps on
the (100) terraces [26, 27]. The peak features of hydrogen
adsorption/desorption region of Pt/P-C electrocatalyst are dif-
ferent from the Pt/C electrocatalyst. The peak observed at
about 0.12 V due the contribution of (110)-type sites was
relatively more intense than the contribution of (100)-type
sites at about 0.25 V, while for Pt/C, these contributions were
similar. Furthermore, it was observed an enlargement of the
double-layer region which could probably be due to phospho-
rous oxygen species like P-O [17, 18]. Similar features were
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Fig. 5 Cyclic voltammograms of 100
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seen comparing PtRu/P-C with PtRu/C electrocatalyst; in this
manner, the use of P-C as support changes the features of the
electrocatalyst materials.

The CVs of Pt/C, Pt/P-C, PtRu/C, and PtRu/P-C
electrocatalysts at 50 mV s’ scan rate in 1 mol L™ methanol
in 0.5 mol L™" H,SO, are shown in Fig. 5. The currents were
normalized per gram of Pt. Pt/P-C electrocatalyst electro-
oxidizes methanol at lower overpotentials than Pt/C
electrocatalyst, and the current values are greater in the all
potential range. As expected, using PtRu electrocatalysts,
higher current density from methanol electro-oxidation was

obtained in all the potential range; additionally, this material
electro-oxidizes methanol at lower potential than Pt
electrocatalysts; however again, the material prepared with
P-C as support showed superior activity. The long-term stabilities
of the electrocatalysts were examined by chronoamperometry
experiments under a constant potential of 0.5 V (Fig. 6), and
the results are in agreement with the order of electrocatalytic
activity observed in CV tests. Furthermore, the materials show
good stability. The current density from methanol electro-
oxidation at the end of the experiments using PtRu/P-C was
about two times higher than PtRu/C, while using Pt/P-C, the

Fig. 6 Chronoamperometry 24
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current density was about three times higher than Pt/C. Similar
results were observed when compared to commercial Pt/C and
PtRu/C electrocatalyts. Similar results on catalyst performances
were observed for Pt nanoparticles supported on phosphorus-
doped carbon nanotube [15] and on phosphorus-doped ordered
mesoporous carbons for methanol electro-oxidation [16]. The
increase of activity in these cases was attributed to a decrease
of size and a homogeneous dispersion of the Pt nanoparticles.

The superior performance of PtRu/P-C electrocatalysts for
methanol electro-oxidation when compared to PtRu/C
electrocatalysts probably could be attributed to the following fac-
tors: a decrease of the nanoparticle sizes resulting from the pres-
ence of phosphorous species and/or to an increase of pore volume
and specific surface area of the P-doped carbon favoring the dis-
persion [9, 16]. It could also be due to the presence of more active
Pt and Ru species resulting from metals and P-doped carbon
interactions.

Conclusions

The use of P-doped carbon as support for PtRu nanoparticles
results in an increase of electrocatalytic activity for methanol
electro-oxidation. PtRu/C electrocatalyst contains a mixture of
Pt (fcc) nanoparticles and an amorphous Ru phase, while
PtRu/P-C electrocatalyst showed the presence of PtRu alloy
nanoparticles and Ru (hcp) phases. The increase of catalytic
activity could be attributed to a decrease of average nanopar-
ticle sizes and more active Pt and Ru species resulting from
metal-support interactions.
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