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a b s t r a c t

Carbon supported catalysts can lose their activity over a period of time due to the sintering of the
nanometer-sized catalyst particles. The sintering of metal clusters on carbon supports can occur due
to the weak interaction between the metal and the support and also due to the corrosion of carbon, espe-
cially in fuel cell electrocatalysts. The sintering may be reduced by increasing the interaction between the
metal and the support and also by increasing the corrosion resistance of carbon supports. In an effort to
mitigate the growth of the nanoparticles, carbon-substituted boron defects were introduced in the car-
bon lattice. The interaction between the Pt nanoparticles on the pure and boron-doped carbon supports
was examined using X-ray photoelectron spectroscopy (XPS). The results indicate that the interaction
between the Pt nanoparticles and the boron-doped carbon support was slightly stronger than the inter-
oron-doped carbon

tability
orrosion

action between the Pt nanoparticles and the pure carbon support. Also, by using accelerated aging tests,
the boron-doped system was found to be more resistant to carbon corrosion when compared to the

d Pt c
pristine carbon-supporte

. Introduction

Metal nanoparticles such as Pt and Ru supported on carbon
lack are very common catalysts for various applications, ranging
rom reductive amination to fuel cell electrode catalysis [1–5]. The
ize and shape of the nanoparticles play important roles in deter-
ining the activity of the catalysts [6–12]. However, the deposited

anoparticles can grow in size over a period of time due to the ther-
ally or electrochemically activated diffusion of the nanoparticles

n the surface of the support [8,13]. When the particles collide they
oalesce, resulting in a loss of particle surface area and concomi-
ant loss of catalytic activity. The diffusion rate depends on the
ize and shape of the nanoparticles, and the physical and chemi-
al environment under which the catalysts are used. For instance,
n the presence of electrolytes, ions can accelerate the diffusion

f the nanoparticles because the electrolytes weaken the interac-
ion between the nanoparticles and the support [14,15]. In addition,
ensen et al. [16–18] have shown experimentally and computation-
lly that one of the reasons for the diffusion of nanoparticles on

∗ Corresponding author at: Department of Chemical and Biological Engineering,
he University of Alabama, Box 870203, Tuscaloosa, AL 35487, United States.
el.: +1 205 348 1733; fax: +1 205 348 7558.
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378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.03.020
atalyst.
© 2009 Elsevier B.V. All rights reserved.

perfect surfaces is the mismatch of the lattices of the nanoparticles
and the substrates, and this mismatch can depend upon the size
and shape of the nanoparticles. The diffusion of the nanoparticles
also tends to increase with temperature [19–22].

The sintering of the nanoparticles, by either a coalescence mech-
anism (the entire cluster migrates on the support to form a larger
cluster) or an Ostwald ripening mechanism (single atoms detach
from smaller clusters and migrate to feed the growth of larger clus-
ters), may be minimized by increasing the interaction between the
metal and the support. This may be achieved by functionalizing the
surface of the support or by creating various defects, such as steps,
terraces, and vacancies [19,23–26]. Therefore, if appropriate sup-
port materials are identified, the activity of the catalysts could be
prolonged.

Another issue related to the durability of the fuel cell catalysts
is the corrosion of the carbon support. Carbon support corrosion
reduces the distance between the metal nanoparticles and depletes
the anchor sites for the nanoparticles, leading to their aggrega-
tion/dissolution. Besides, it can also lead to an increase in surface
hydrophobicity that can decrease the gas transport in electrodes.
There are two proposed principle pathways for the carbon sup-
port corrosion [27]

C + 2H2O = CO2 + 4H+ + 4e−, 25 ◦C, 0.207 V vs. SHE (1)

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:hturner@eng.ua.edu
dx.doi.org/10.1016/j.jpowsour.2009.03.020
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+ H2O = CO + 2H+ + 2e−, 25 ◦C, 0.518 V vs. SHE (2)

CO is thermodynamically unstable with respect to CO2, and

O + H2O = CO2 + 2H+ + 2e−, −0.103 V vs. SHE (3)

The detailed mechanisms are not yet fully understood but are
resumed to include parallel formation of surface and gaseous car-
on oxides by disproportionation of oxygen functional groups [28].

Carbon support corrosion is a cause of degradation of the pro-
on exchange membrane fuel cell (PEMFC) cathode, which generally
perates in a potential window of 0.6–1 V. The anode of direct
ethanol fuel cell (DMFC) is also susceptible to carbon support

orrosion because it operates around 0.4 V [29]. Carbon support
orrosion causes irreversible cathode/anode catalysts degradation
nd should be suppressed or mitigated by using better supports.
he review by Borup et al. [30] on the durability and degradation of
he PEMFC discusses the novel support materials currently being
nvestigated by others such as nanotubes, metal oxides, silicon,
onducting polymers, conductive diamonds, and non-conductive
hiskers. Conductive diamonds are synthesized by doping ele-
ents such as boron in the diamond lattice, which is an approach

imilar to our boron-doped carbon powders.
To address these issues, using first-principles density functional

heory (DFT) calculations, we have previously shown that the pres-
nce of substitutional boron defects in carbon models (such as
raphene and fullerenes) significantly increases the adsorption
nergies of Pt and Ru metal clusters when compared to pris-
ine carbon models [31–33]. The binding energy per Pt and Ru
tom on boron-doped carbon was greater by approximately 14 and
2 kcal mol−1, respectively, than the binding energy of the metal
toms on pristine carbon.

To corroborate the DFT results of enhanced interaction of the
t clusters with the boron-doped carbon when compared to the
ure carbon, we have synthesized pure and boron-doped carbon
lack at a relatively mild temperature of 1000 ◦C and ambient
ressure. Boron trichloride and benzene were used for the syn-
hesis of boron-doped carbon, and only benzene was used for
he synthesis of pure carbon. We then used these two materi-
ls as catalyst supports for Pt nanoparticles. Our procedure for
ynthesizing the amorphous carbons and the associated charac-
erization needed to confirm the presence of substitutional boron
n the carbon lattice has been reported earlier [34]. By chang-
ng the amount of boron trichloride in the feed gas during the
ynthesis procedure, we are able to change the amount of boron
n the carbon black. The highest boron composition in carbon
chieved by this method was 10.9%. However, in the present study,
e are only using two samples as carbon supports for the Pt
anoparticles: (i) the pure carbon; and (ii) the boron-doped car-
on with 8.5% boron in carbon (synthesized with a BCl3:C6H6 feed
atio of 1.8:1). In this study, in addition to studying the inter-
ction of Pt with the pure and boron-doped carbon using XPS,
he carbon corrosion of the pure and boron-doped carbon is ana-
yzed by accelerating the aging of the catalysts using potential
ycling.

. Experimental procedures

.1. Synthesis of pure and boron-doped carbon

Boron trichloride and benzene were used for the synthesis of
oron-doped carbon. The reaction was carried out at 1000 ◦C and 1

tmosphere in a 0.375 in. quartz tube reactor. The heat required for
he reaction was provided by an Omegatite ceramic furnace encom-
assing the quartz tube reactor. There were two 0.125 in. quartz rods

n the reaction zone for the carbon deposition. The downstream end
f the reactor was connected to a neutralization tank which was
Sources 192 (2009) 324–329 325

filled with a NaOH solution to neutralize the HCl produced during
the reaction, and the gases were vented out through an exhaust
system.

The flow rates of the reactants were calculated assuming the
following reaction to occur in the reactor:

5C6H6 + 6BCl3 → 6BC5 + 18HCl + 6H2 (4)

To produce pure carbon, C6H6 and He were fed into the reactor.
To vary the composition of boron in the carbon samples, the reac-
tions were carried out by changing the amount of BCl3 in the feed
stream. The reactants were fed into the reactor at 1000 ◦C and the
reactions were allowed to continue until the reactor was blocked
with carbon deposit. The feed to the reactor was stopped once this
occurred and the products were cooked at 1000 ◦C for 5 min, then
allowed to cool to room temperature. Doping was monitored using
X-ray diffraction (XRD) and Raman spectroscopy, and boron content
was estimated by XPS. Our procedure for the synthesis and charac-
terization of the pure and boron-doped carbons can be found in the
work of Burgess et al. [34]. In the present study, we are only using
the pure carbon and the boron-doped carbon with 8.5% boron in
carbon as supports for the Pt nanoparticles.

2.2. Synthesis of Pt nanoparticles

In order to synthesize the Pt nanoparticles, 390 mg of platinum
acetylacetonate (97%, Aldrich), 780.0 mg of 1,2-hexadecanediol
(90%, Aldrich) and 40.0 ml of diphenyl ether (70%, Acros Organic)
were added into a 100 ml round flask equipped with a magnetic
stirrer and a reflux condenser. The mixture was heated from room
temperature to 110 ◦C, during which 2.0 ml of oleylamine (70%,
Aldrich) and 2.0 ml of oleic acid (90%, Aldrich), used as capping
agents, were introduced by a syringe. The mixture was then heated
to 175 ◦C and was kept at this temperature for 1 h. Afterwards, the
obtained black particle dispersion was allowed to cool down to
50 ◦C under N2 atmosphere. The excess capping agents on the par-
ticle surface were removed by washing the particles with ethanol
followed by centrifugation. Finally, the as-prepared particles were
redispersed in hexane to make the Pt nanoparticle dispersion
[35–38].

2.3. Loading the Pt nanoparticles onto a carbon support

100 mg of the as-prepared Pt nanoparticles dispersed in hexane
were first mixed with 400 mg of carbon support (pristine carbon
and boron-doped carbon). Particles were physically deposited on
the carbon support by sonicating the resulting mixture for 2 h. The
carbon-supported nanoparticle dispersion was then dried at 60 ◦C
under an air atmosphere to evaporate the hexane. For catalytic
activation of nanoparticles, the oleylamine and oleic acid bound
to the particle surface were removed by heat treating the carbon-
supported particles in a tube furnace at 400 ◦C for 3 h under an
Ar/H2 atmosphere (5% of H2). The heat-treated Pt particles were
mixed with deionized water and Nafion® solution (5 wt%, Aldrich)
to make a Pt catalyst slurry (approximately 1 mg Pt ml−1).

2.4. Analytical techniques

X-ray photoelectron spectra were collected with a Physical Elec-
tronics APEX surface analysis system with an Omicron EA125
hemispherical analyzer. Before the samples were analyzed, the XPS
instrument was calibrated using a gold foil (Au 4f7/2: 83.99 eV) [39]

after cleaning with a 5 kV Ar+ ion sputtering gun with a Physical
Electronics Model 11-066 Ion Gun Control. XPS measurements were
acquired with a Mg K� source at a take-off angle of 45◦. Peaks shifts
were corrected for charging using an adventitious C(1s) peak of
284.8 eV [34,40,41].
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Fig. 1. XRD spectra of Pt nanoparticles on the pure carbon and the boron-doped
carbon support.

d
t
w

w
m
o
(

at a scan rate of 100 mV s . The working electrode potential was
held at 0.1 V (vs. NHE) at idle time. Hydrogen desorption peak
area was used to quantify the electrochemical surface area (ECSA).
X-ray diffraction measurements were made using a Bruker
iffractometer using a Co K� radiation (� = 1.79026 Å). The accelera-
ion voltage was 35 kV and the tube current was 40 mA. The samples
ere placed on a silicon slab for analysis.

Transmission electron microscopy (TEM) images of the samples
ere obtained on a FEI Tecnai F-20 200 kV transmission electron
icroscope. The TEM samples were made by placing several drops
f dilute particle dispersion on carbon-coated copper TEM grids
400-mesh from Ted Pella, Inc.).

Fig. 2. TEM images of Pt nanoparticles on pu
Sources 192 (2009) 324–329

2.5. Accelerated aging studies

Potential cycling is a common accelerated degradation test for
electrocatalysts of PEMFC. It was performed in a 0.5 M H2SO4 elec-
trolyte with a bipotentiostat (AFCBP1, Pine Instrument) and a 150 ml
three-electrode electrochemical cell (Pine Instrument). A mirror-
ground GC rotating disk electrode (GC-RDE, 5 mm diameter, Pine
Instrument) was polished using a 0.05 �m �-alumina micropol-
ish (Buehler LTD, No. 40-6365-006) on a microcloth PSA (Buehler
LTD, 40-7212), followed in sequence by rinsing and ultrasonicating
for 2 min in DI water before each usage. A Pt wire and a saturated
calomel electrode (SCE, Pine) were used as the counter and refer-
ence electrode, respectively. Argon was bubbled into the solution
at 60 ml min−1 for 30 min to remove dissolved oxygen, followed by
a continuous flow of 30 ml min−1 above the solution to form a gas
curtain during the analysis.

Thin catalyst and Nafion films were casted on the GC-RDE
sequentially as the working electrode [42]. Two 10 �l syringes
(Hamilton, Gastight®) were used to add 1 mgcat. ml−1 catalyst aque-
ous solution and 100 times diluted 5 wt% Nafion on the GC-RDE.
Both cast films were dried overnight at room temperature after
each casting. The loading of the catalyst was 36 �g Pt cm−2 and the
Nafion film was ca. 0.1 �m in thickness.

The working electrode potential was cycled 5 times between
0.05 and 1.4 V (vs. NHE) at a scan rate of 100 mV s−1 to remove
slight contamination from the Nafion solution to get a clean elec-
trode surface. Then it was cycled between 0.05 and 1.2 V (vs. NHE)

−1
The area was integrated by the PineChem 2.8.0 (Pine Instrument)
software.

re and boron-doped carbon supports.
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preferentially attacks the boron, forming boron oxides, thus having
an inhibiting effect on the carbon oxidation [48]. The boron oxides
that are formed passivate the carbon surface, further inhibiting the
oxidation of carbon. This can be beneficial for fuel cell electrode
catalysts, since carbon corrosion is a major issue [30,46,49].
C.K. Acharya et al. / Journal of

. Results and discussion

.1. X-ray characterization of Pt/carbon

The average crystallite size of the Pt nanoparticles on the pure
nd boron-doped carbon supports is estimated to be 4 nm using the
cherrer equation [43] with the linewidth of the diffraction peaks
n XRD curves (Fig. 1). From Fig. 1, it can be seen that the size of the
oron-doped carbon was larger than the pure carbon because of
he increased graphitization of the carbon caused by the presence
f boron in the carbon lattice [34]. This lowered the BET surface
rea of the boron-doped carbon support from 21 m2 g−1 (of the pure
arbon) down to 12 m2 g−1. It is acknowledged that these surface
reas are significantly lower than what is required for most catalytic
pplications, so our current experimental efforts have been focused
n tuning our synthesis method to produce high surface area sup-
orts. When the Pt nanoparticles were deposited on the supports,
he BET surface area of the pure carbon-supported catalyst was
5 m2 g−1, and the BET surface area of the boron-doped carbon-
upported Pt catalyst was 7 m2 g−1. The size of the Pt nanoparticles
n pure and boron-doped carbon estimated from the XRD spectra
as further confirmed by the TEM images of these systems shown

n Fig. 2.
To understand the interactions between Pt and the supports, the

t4f, C1s, and O1s spectra of the Pt nanoparticles on the pure and
oron-doped carbon supports were obtained using XPS. The Pt4f
eaks were deconvoluted into Pt4f7/2 and Pt4f5/2 doublets labeled
s 1, 2, and 3, and 1′, 2′, and 3′, respectively, as shown in Fig. 3. The
ost intense doublet, namely the 1 and 1′, was located at 71.1 and

4.5 eV (for pure carbon), and 71.4 and 74.8 eV (for boron-doped
arbon), respectively. This doublet can be attributed to metallic
latinum. The second doublet, namely the 2 and 2′, was located
t 72.3 and 76.1 eV (for pure carbon), and 72.6 and 76.4 eV (for
oron-doped carbon), respectively. This doublet can be assigned
o Pt(II) chemical states such as PtO and Pt(OH)2 adsorbed on the
anoparticle. The third doublet, namely the 3 and 3′, was located at
3.8 and 79.7 eV (for pure carbon), and 74.1 and 80.0 eV (for boron-
oped carbon), respectively. This doublet can be assigned to the
igher chemical state functional groups such as PtO2 and other
t(IV) groups adsorbed on the metal nanoparticle [44–46]. How-
ver, Zhang et al. [47] have assigned the first, second, and third pair
f doublets to metallic Pt on the surface, bulk Pt atoms, and PtOx on
he surface of the metal nanoparticle, respectively.

The Pt4f binding energy shift is a function of the size of the
anoparticle. Consequently, smaller Pt nanoparticles will shift the
inding energy of the Pt4f peak towards higher binding energy [47].
owever, the Pt nanoparticles on the pure and boron-doped car-
on were of the same average size, as confirmed from the XRD and
EM analysis. Consequently, the shift of the Pt4f peak on the boron-
oped carbon could not be attributed to differences in particle size.
he shift in the Pt4f peak on the boron-doped carbon-supported
atalyst is likely due to the modified interaction between the metal
nd the support. The binding energies of the Pt4f peaks on the
oron-doped carbon increased by 0.3 eV when compared to the
t4f peaks on the pure carbon. The boron in carbon lowers the
ermi energy of the support, which facilitates higher transfer of
lectrons from the Pt nanoparticles to the boron-doped carbon, as
ompared to the charge transfer from the Pt to the pure carbon,
eading to a higher interaction between the Pt and boron-doped
arbon [32,33]. This is reflected in the Pt4f doublets on the boron-
oped carbon by shifting towards the higher energy level. These

esults are qualitatively consistent with our previous DFT calcu-
ations of model systems [31–33], which predict an enhancement
f 0.6 eV. The calculation results should serve as an upper limit,
ince this prediction represents the adsorption energy of a single Pt
tom.
Sources 192 (2009) 324–329 327

The C1s envelope of the pure and boron-doped carbon was
deconvoluted into three peaks as shown in Fig. 3. The three peaks
labeled as 1, 2, and 3 (or C1, C2, and C3), were located at 284.8, 286.4,
and 289.2 eV (for pure carbon), and 284.5, 286.6, and 289.9 eV (for
boron-doped carbon), respectively. The C1 spectra of the pure and
boron-doped carbon are due to the carbon support (graphitic car-
bon). The C2 and C3 peaks on both of the carbons are due to the
presence of functional groups, such as –C O, –C–OH, and –COOH,
with different chemical states [26,44,47]. The C1s spectrum of the
boron-doped carbon was broader than the C1s spectrum of the pure
carbon. Zhang et al. [47] have also seen a broader C1s spectrum of
the HOPG support when the interaction between the Pt nanoparti-
cle and the support was higher, which is consistent with the broader
C1s spectrum of our boron-doped carbon support.

The O1s spectra of the pure and boron-doped carbon were
deconvoluted into two peaks as shown in Fig. 4. The peaks, labeled
as 1 and 2, were located at 531.6 and 533.8 eV (for pure carbon)
and 531.6 and 534.5 eV (for boron-doped carbon), respectively. The
two peaks arise due to the functional groups on the carbon support
[26,47]. The oxygen content in the boron-doped carbon-supported
catalyst was higher than that of the oxygen content in the pure
carbon-supported catalyst. In the boron-doped support, the oxygen
Fig. 3. Pt4f and C1s energy levels in the XPS spectra of the Pt nanoparticles on the
pure and boron-doped carbon supports.
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Fig. 6. Cyclic voltammetry changes with potential cycles on the pure carbon-
supported Pt catalyst.
ig. 4. O1s energy levels in the XPS spectra of the Pt nanoparticles on the pure and
oron-doped carbon supports.

The XPS results indicate a higher interaction of the Pt nanopar-
icles with the boron-doped carbon when compared to the
nteraction of the Pt nanoparticles with the pure carbon. However,
urther studies are required to see if this difference in interaction
etween the Pt nanoparticles and the two carbon systems has any
ignificance in catalytic and electrocatalytic reactions. If it has an
nfluence on reactions, we would also like to study its limitations.

.2. Electrochemical characterization of Pt/carbon

Carbon-supported platinum catalysts lose electrochemical sur-
ace area (ECSA) due to carbon support corrosion and Pt
issolution/aggregation. Continuous cycling of the potential from
0 mV to 1200 mV (vs. NHE) causes the catalysts to undergo iter-
tive Pt dissolution and carbon corrosion, so as to accelerate the
atalyst degradation. Fig. 5 shows the ECSA changes of Pt/C and
t/BC catalysts with respect to the number of potential cycles. The
CSA of the Pt/C catalyst decreased faster than that of the Pt/BC
atalyst, which means that the latter has a lower degradation rate
nd higher stability. This could be attributed to the lower carbon

upport corrosion and/or Pt dissolution/aggregation rates. On the
ther hand, the ECSA of both of the catalysts was shortly at a maxi-
um and then started to decrease. The maximum ECSA of Pt/C is at

bout 50 cycles, which is lower than that of the Pt/BC catalyst, which
ccurred at around 100 cycles. This phenomenon is ascribed to the

ig. 5. Electrochemical surface area (ECSA) changes with potential cycles of the pure
nd boron-doped carbon-supported catalysts.
Fig. 7. Cyclic voltammetry changes with potential cycles on the boron-doped
carbon-supported Pt catalyst.

electrocatalyst activation. Since the Pt/BC catalyst is more stable,
it needs longer time to be activated and degrades slower than the
Pt/C catalyst.

Figs. 6 and 7 show the Pt/C and Pt/BC CV curve changes with
potential cycles, respectively. At a potential of around 0.35 V vs. SCE,
there is a current peak due to the carbonaceous species oxidizing
to CO2 on the carbon support surface [27,50,51], which causes the
carbon support to corrode. The carbon corrosion current in Fig. 6
for the Pt/C catalyst is much more significant than that for the
Pt/BC catalyst, as shown in Fig. 7. As for the Pt/C catalyst, the cur-
rent increased significantly with the increase in the potential cycle,
which means that the carbon corrosion has accelerated. However,
there is almost no carbon oxidation current for the Pt/BC catalyst,
which implies that the Pt/BC catalyst undergoes less carbonaceous
oxidation of the carbon support. These results are consistent with
the XPS experimental results. The boron oxides that are formed pas-
sivate the carbon surface, further inhibiting the oxidation of carbon
so as to decreases the carbon support corrosion rate.

4. Conclusions

In this work, 4.0 nm Pt nanoparticles were synthesized by
chemical reduction of platinum acetylacetonate with the aid of
oleylamine and oleic acid. The Pt nanoparticles were loaded on
the two different carbon supports by physical deposition. The XPS

results indicate that the interaction between the Pt nanoparticles
and the boron-doped carbon support was higher than the interac-
tion between the Pt nanoparticles and the pure carbon support.
These experimental results are qualitatively consistent with our
previous DFT calculations of model systems [31–33]. The XPS results
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redict a binding energy enhancement of 0.3 eV on the doped car-
on support, and our DFT calculations predict an enhancement of
.6 eV (which should serve as an upper limit, since this prediction
epresents single Pt atom adsorption energy). The electrochemical
esults also suggest that the boron in carbon lowers the corrosion
f the carbon support, which can be beneficial for the durability of
uel cell electrode catalysts, since carbon corrosion is a major issue.
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