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In this manuscript, we have synthesized a stable fuel cell catalyst composed of presynthesized Pt nanocrystals
(<4 nm) on graphitic mesoporous carbon. The catalyst shows negligible loss in mass activity and active
surface area after an accelerated durability test (1000 cycles, 0.5-1.2 V), whereas the commercial Pt on
amorphous carbon loses ∼70% in activity and area. Strong Pt-graphite interactions, resulting from metal/
support orbital overlap (π-backbonding) coupled with partial charge transfer, as shown by XPS, and a low
coverage of weakly bound ligands on the Pt surface facilitated high dispersion and loadings up to 20 wt %.
The high oxidation resistance of the graphitized carbon, along with the strong Pt-C interactions, helped to
maintain electrical contact between the metal and carbon while mitigating Pt dissolution, ripening, and
coalescence. The ability to disperse well-defined metal nanoparticles onto graphitic mesoporous carbon offers
the potential for creating highly stable and active catalysts.
Introduction
The limited stabilities of catalysts for the oxygen reduction
reaction in proton exchange membrane fuel cells has been a
major bottleneck for developing transportation applications.1-5
The catalyst must be stable at 1.2 V for 100 h, corresponding
to the accumulated lifetime of the vehicle, with a maximum
allowable performance loss of <30 mV at 1.5 A/cm2.4,5
Pt-catalyzed oxidation of carbon to CO and CO2 at potentials
above 0.7 V can cause the Pt nanoparticles to become electrically isolated.1,5 Oxygen species bound to the carbon withdraw
electrons, weakening the binding of Pt to carbon.6 For Pt on
VulcanXC-72 carbon, the loss in the electrochemical surface
area was 70% upon potential cycling between 0.5 V and 1.2 V
for 1000 cycles.7 The repeated oxidation (potentials > 1.0 V)
and reduction cycles promote Pt dissolution. Consequently,
during potential cycling between 0.5 V and 1.2 V, both the
mechanisms of carbon oxidation and Pt dissolution/redeposition
and agglomeration degrade the catalyst.8
The stability of Pt catalysts may be enhanced by the use
of highly graphitized carbon supports.5 Here, the crystallinity
of the carbon support can be considerably higher than in
typical, more amorphous carbons, such as VulcanXC-72.
Highly graphitic carbon supports are far more resistant toward
degradation, given the relatively small number of edge plane
sites, which act as reactive centers for carbon oxidation.8-10
The abundant π sites on the surface of graphitized carbon
interact strongly with Pt, as demonstrated by XPS and
electron-spin resonance studies.3,8,9 The Pt-C interactions
are partially covalent, due to electron delocalization between
the carbon π sites and the Pt d orbital, and also partially
ionic due to electron transfer from Pt to carbon.11 These
strong metal-support interactions may help to partially
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inhibit Pt oxidation and dissolution during potential cycling.8
Platinum supported on highly graphitic carbon nanotubes
(CNT) has proven to be more stable than Pt on amorphous
carbon.12-14 For example, a 30% loss in the electrochemical
surface area (ECSA) was observed for a Pt-CNT catalyst during
potential cycling between 0.5 and 1.2 V for 1000 cycles.
The dispersion of metal catalysts on graphitic supports by
traditional techniques such as wetness impregnation is often
unsuccessful.15 The number of oxygen surface functionalities
on graphitized carbon, needed for adsorption of the ionic Pt
precursors, is insufficient to achieve practical metal loadings.3,8
However, Pt precursors may be reduced on graphitic mesoporous
carbon in an organic solvent to form a highly stable catalyst.16
Employing this approach, the ECSA decreased only 14% after
maintaining a potential at 0.9 V for 160 h in argon-purged 0.5
M H2SO4, but stability under aggressive potential cycling
remains to be shown.16 An alternative approach is to enhance
precursor adsorption by refluxing graphitic carbons in nitric acid
to introduce polar oxygen groups on the surface.17-20 However,
the polar groups may accelerate carbon oxidation.14
Catalyst structure and composition may be precisely controlled by presynthesizing colloidal metal particles and then
dispersing them onto high-surface-area supports.21-24 This
technique has been reported for the preparation of fuel cell
catalysts on amorphous carbon, whereby the nanoparticles were
stabilized with either ligands25-27 or microemulsions.28,29 High
metal loadings have been achieved for nanoparticle catalysts
coated by weakly bound hydrocarbon capping ligands.22 Furthermore, the ligands are readily removed at temperatures of
e500 °C to activate the metal surface prior to catalysis, as shown
for FePt coated with weakly bound oleic acid and oleylamine
ligands.4,22,24
The primary objective of this study was to design highly
stable Pt catalysts for the oxygen reduction reaction (ORR) with
controlled size and structure, supported on ordered bicontinuous
graphitic mesoporous carbon. Pt nanoparticles were presynthe-
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sized by arrested growth precipitation with dodecylamine ligands
with a controlled size of ∼3.3 nm. The weakly binding ligands
allow for the exposure of a large fraction of the metal surface
to the graphitic π sites, promoting high dispersion for loadings
up to 20 wt %.30 The low-molecular-weight ligands were
removed by mild thermal calcination to activate the catalyst
while minimizing changes in the catalyst size and structure. The
catalyst stability was tested under relatively harsh conditions,
1000 cycles between 0.5 and 1.2 V vs NHE at 50 mV/s.7 Strong
metal-support interactions between carbon π sites and Pt d
orbitals, along with the large interfacial contact area afforded
by the high surface area bicontinuous mesopores, inhibited Pt
dissolution, Ostwald ripening, and coalescence. The resistance
of the graphitic carbon to oxidation further enhances the stability.
The stabilities of a high-surface-area catalyst against this harsh
durability test are unparalleled versus those for Pt on amorphous
mesoporous carbons25,31-35 and are described by a combination
of characterization techniques. The carbon pore structures were
characterized by nitrogen porosimetry and small-angle X-ray
scattering (SAXS). The degree of graphitization of the mesoporous carbons was characterized by X-ray diffraction (XRD),
and the oxidative stability, by thermal gravimetric analysis. The
size of the supported Pt nanoparticles was characterized by
XRD, TEM, and the ECSA. Pt-C interactions and the oxidation
state of the support were quantified by XPS.
Experimental Section
All chemicals were used as received. Platinum(IV) chloride
(99.9%),, dodecylamine (98%), perchloric acid 70% (99.999%
purity), sodium borohydride (98%), tetradecylammonium bromide (98%), anhydrous ethanol, Pluronic P123 (EO20PO70EO20),
n-butanol (99.9%), and 5 wt % Nafion solution in lower alcohols
were purchased from Aldrich. Toluene (99.9%) was obtained
from Fisher Scientific, and ethanol (Absolute 200 proof) from
Aaper alcohol. Polycarbonate filters (0.05 µm) were obtained
from Osmonics. The deionized water had a resistance of ∼18
MΩ cm).
The synthesis of the Pt nanoparticles by the phase transfer
method and the infusion of these nanoparticles into the
mesoporous graphitic carbon is provided as Supporting Information.
Mesoporous Carbon Synthesis. Ordered mesoporous carbons were synthesized as described in detail by using mesoporous silica of type KIT-636 as a template.37,38 Briefly, the
mesoporous silica was synthesized by mixing Pluronic P123
and n-banol in aqueous HCl solution. After complete dissolution,
tetraethyl orthosilicate (TEOS, 98% Acros) was added into the
mixture at 308 K. The molar composition of the starting reaction
mixture was 0.017 P123/1.2 TEOS/1.31 BuOH/1.83 HCl/195
H2O. The mixture was magnetically stirred for 1 day at the same
temperature. Subsequently, the mixture was heated (373 K) for
1 day in an oven for hydrothermal treatment. After the
hydrothermal treatment, the solid product was recovered by
filtration, washed with ethanol, and calcined at 823 K to obtain
mesoporous silica.
Two types of mesoporous carbon were prepared using the
KIT-6 silica as a template. For the first carbon, furfuryl alcohol
was used as the carbon precursor according to a previously
reported procedure.37 Briefly, a mixture of 0.46 mL of furfural
alcohol and 2.2 mg of p-toluene sulfonic acid (PTSA) was
impregnated (before polymerization started) into 1 g of KIT-6
at room temperature. The resultant sample was heated at 308
K for 1 h, at 373 K for 1 h, and then for 2 h at 623 K to ensure
polymerization. After cooling to room temperature, the sample
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was infiltrated with an additional amount of furfuryl alcohol
(0. 35 mL) containing PTSA (1.7 mg). The resulting mixture
was heated to 1173 K inside fused quartz tubing, which was
equipped with a porous plug to control the gaseous outflow from
the self-generated, noncombustive atmosphere during carbonization. The silica template was subsequently removed by an HF
etch to recover mesoporous carbon.
The second carbon was synthesized by using a mesophase
pitch (Mitsubishi AR, softening point ) 558 K) as the carbon
precursor.40 The details are as follows: 0.73 g of the mesophase
pitch was mixed with 1 g of KIT-6 in an agate mortar. This
mixture was magnetically stirred in 10 mL of ethanol for 30
min. Next, the ethanol was evaporated through a rotary
evaporator. The dried mixture was heated at 573 K for 4 h in
the same quartz tubing as mentioned above. The mixture was
further heated for 2 h at 1173 K. HF was used to dissolve the
silica template. Mesoporous carbon synthesized with furfural
alcohol is more amorphous39 and is denoted as amorphous
mesoporous carbon (AMC), and that with mesophase pitch is
more graphitic and is denoted as graphitic mesoporous carbon
(GMC).
Nitrogen Porosimetry. N2 sorption analysis was performed
on a Quantachrome Autosorb-1MP volumetric analyzer. Prior
to the analysis, the samples were outgassed at 573 K in the
degas port of the adsorption analyzer. The specific surface area
was calculated using the BET method from the nitrogen
adsorption data in the relative range (P/P0) of 0.05-0.30. The
total pore volume was determined from the amount of N2 uptake
at P/P0 ) 0.95. The pore size distribution was derived from
the adsorption branch of the isotherm based on the BJH model.
X-ray Diffraction. Wide-angle X-ray diffraction was performed with samples on a quartz slide using a Bruker Nokius
instrument using Cu KR radiation with wavelength ) 1.54 Å.
Samples were scanned for 12 h at a scan rate of 12°/min (0.02°
increments). The average Pt nanoparticle size was estimated
from the Scherrer equation in JADE software (Molecular
Diffraction Inc.). Chemical surface area (CSA), which is the
total geometric area of the particles assuming an average
diameter, was calculated from the sizes from the Scherrer
equation (also for TEM; see Supporting Information). Small
angle X-ray diffraction was collected with a Rigaku Multiplex
instrument using Cu KR radiation (λ ) 1.54 Å), operated at 40
kV and 40 mV (1.6 kW) in step scan mode.
X-ray Photoelectron Spectroscopy. XPS was acquired using
a Kratos AXIS Ultra DLD spectrometer equipped with a
monochromatic Al X-ray source (Al KR, 1.4866 keV). Highresolution elemental analysis was performed on C 1s (295-275
eV), O 1s (545-525 eV), and Pt 4f (85-65 eV) regions with
a pass energy of 20 eV with a 0.1 eV step and 800 ms dwell
time. Each spectrum is an average of 3 scans. The peak positions
are calculated using a standard Gaussian + Lorentzian fit. All
absolute energies were calibrated relative to gold.
Thermogravimetric Analysis. Thermogravimetric analyses
(TGA) were made with a Perkin-Elmer TGA 7 instrument with
∼2 mg catalyst samples. All samples were initially heated to
50 °C, held at that temperature for 10 min, and heated to 900
at 20 °C/min. Isothermal weight loss studies were conducted
by holding the samples of 100 mg weight at an elevated
temperature of 195 °C for 16 days, as described previously.40
Transmission Electron Microscopy (TEM). Low resolution
TEM was conducted on a Phillips EM280 microscope with a
4.5 Å point-to-point resolution operated with an 80 kV operating
voltage. Platinum catalyst was deposited from a dilute ethanol
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Figure 1. SAXS of mesoporous carbons.

solution onto a 200 mesh carbon-coated copper TEM grid
(Electron Microscopy Sciences).
Electrochemical Characterization. Electrochemical measurements were performed using a CHI 832 electrochemical
workstation. The experiments were conducted at room temperature (25 °C) using a three-compartment electrochemical cell
with a Pt wire counter electrode and Hg/Hg2SO4 reference
electrode. All potentials in this article are reported with respect
to NHE. A glassy carbon rotating disk electrode (0.196 cm2,
from Pine Instruments) was used as the working electrode for
the ORR catalyst. It was polished with a 0.3 µm alumina
suspension followed by a 0.05 µm suspension to give a mirror
finish. A 1.0 mg portion of Pt catalyst was suspended by
sonication in 300 µL of anhydrous ethanol and 300 µL of 0.15
wt % Nafion solution (diluted from 5% Nafion stock solution).
A total of 10 µL of Pt catalyst suspension was pipetted onto
the substrate and was dried at room temperature for 15 min.
After preparation of the catalyst on the substrate, the catalyst
was cleaned by cycling the potential between 0.05 and 1.24 V
at 200 mV/s for 100 cycles in argon saturated 0.1 M HClO4
electrolyte.
The area under the desorption peak of underpotentially
deposited hydrogen during CV (scanned at 100 mV/s between
0.05 and 1.24 V in argon saturated 0.1 M HClO4) was visually
assessed and integrated (after double layer correction) to
determine the ECSA of the Pt catalyst. Rotating disk electrode
measurements were recorded by scanning the potential from
0.04 to 1.24 V at 5 mV/s in 0.1 M HClO4 saturated with oxygen
at a partial pressure of 1 atm. Activities were determined at 0.9
V in the kinetically controlled region of the voltammogram.
Accelerated durability tests (ADT) were employed by cycling
the electrode potential between 0.5 and 1.2 V at 50 mV/s for
1000 cycles in an argon-saturated atmosphere over a period of
7 h. Electrochemical oxidation of the carbon supports was
performed by holding the potential at 1.2 V for 5 h.41 Cyclic
voltammograms were taken every hour to monitor the carbon
degradation (50 mV/s in 0.1 M HClO4, Ar-saturated).
Results
Carbon Characterization. The structure of the ordered
mesoporous carbons was studied using small-angle X-ray
scattering. For both AMC and GMC, multiple reflections
associated with the I41/a space-group symmetry (3d cubic
morphology) are observed (Figure 1), indicating long-range
ordering of pores. The first three reflections appear at 2θ )

Figure 2. Nitrogen porosimetry of the mesoporous carbons (A) GMC
and (B) AMC. The insets show their corresponding pore size
distributions.

0.68°, 1.2°, and 1.4° for GMC and at 2θ ) 0.68°, 1.22°, and
1.43° for AMC. The d spacings of the first three reflections,
calculated from Bragg’s Law (nλ ) 2d sin θ), were 130, 74,
and 64 Å for GMC and 130, 72.3, and 62 Å for AMC. The
ratio of the d spacings d1/d2/d3 is thus 23:2:3 for both AMC
and GMC and can be indexed as (110), (211), and (220) planes
of I41/a tetragonal geometry, which is consistent with the
literature.38
Figure 2A and B gives the nitrogen adsorption-desorption
isotherms and corresponding pore size distributions (Figure 2
insets) for GMC and AMC, respectively. For both AMC and
GMC, three well-distinguished regions of the adsorption
isotherm are evident: (i) monolayer- multilayer adsorption, (ii)
capillary condensation, and (iii) multilayer adsorption on the
outer particle surfaces. The adsorption isotherms show a type
H1 behavior with capillary condensation at P/P0 ∼ 0.6 for AMC
and of type H2 for GMC with onset of capillary condensation
at P/P0 ∼ 0.5. The slope and almost vertical step in the hysteresis
loops suggest well-defined mesopores that are relatively monodisperse, as reflected by the narrow pore size distributions with
an average of 7.1 nm for GMC and 9.5 nm for AMC (Figure 2
insets).
The surface area, pore volume, and mean pore size for GMC
and AMC are shown in Table 1. The surface areas for AMC
and GMC are 978 and 337 m2/g, respectively, significantly
higher than that of VulcanXC-72 (∼250 m2/g). Lower surface
areas and pore volume for GMC relative to AMC can be
attributed to the large polyaromatic compounds present in
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TABLE 1: Mesoporous Carbon Characterization with
Nitrogen Porisometry and XRD
SAa
PSDc
Lc
D
(BET) PVb (BJH)
La
carbon (m2/g) (cc/g) (nm) (XRD) (Å) (XRD) (Å) (XRD) (Å)
AMC
GMC
a

978.5
337.4

1.7
0.43

9.5
7.1

37
55

7
16

3.57
3.42

Surface area. b Pore volume. c Pore size distribution.

TABLE 2: Loadings for Infusion of Pt Nanoparticles into
Carbon Supports

carbona
AMC
GMC
GMC

time of
loading
infusion initial concn final concn UV-vis loading TGA
(days)
(mg/mL)
(mg/mL) (wt %)
(wt %)
2
2
3

4
4
10

<0.1
2.5
6.8

23 ( 1
10 ( 1
20 ( 3

25
22

a

All infusions were done on 30 mg carbon, and nanoparticles
were dispersed in 3 mL of solvents.

Figure 3. XRD of the mesoporous carbon samples without added Pt.

mesophase pitch, which yield mesoporous carbon with little
microporosity after carbonization.42 AMC is synthesized from
furfural alcohol and contains a significant number of micropores,
as indicated by a 3-fold increase in uptake of N2 at low partial
pressure relative to GMC. Thus, it has a higher surface area.
GMC has a predominant pore size of 7.1 nm, but also shows a
slight hump at ∼5 nm, whereas AMC has a pore size of 9.5
nm. The formation of larger pores is facilitated by the lack of
microporosity in the mesoporous silica template, which prevents
formation of the interconnecting carbon rods. Upon removal of
the silica template, the enantiomeric carbon frameworks join
pairwise, leading to pore enlargement.38
XRD spectra of the carbons at each of the processing
temperatures are shown in Figure 3. The peak at ∼25°
corresponds to the graphitic 〈002〉 plane on carbon. The
narrower, taller 〈002〉 peak is shown for the GMC, indicating a
larger degree of graphitization relative to the broader diffuse
peak for the AMC. As shown in Table 1, the interplanar d
spacing, calculated from the 〈002〉 reflection using Bragg’s law
(nλ ) 2d sin θ), is smaller for GMC relative to AMC, indicating
tighter packing of the carbon planes from an increased degree
of graphitization.43 Table 1 lists the layer dimensions parallel
to the basal plane, La, and perpendicular plane, Lc, calculated
from the 〈100〉 and 〈002〉 reflections, respectively, according to
the relations (La ) 1.84λ/B cos θ and Lc ) 0.89λ/B cos θ),43,44
where λ is the wavelength of the X-rays (1.54 Å), B is the full
angular width at half max, and θ is the Bragg angle. The
increased layer dimensions (La and Lc) for GMC relative to
AMC indicate a greater degree of graphitization; there is longer
range ordering in GMC due to inherent graphitic character of
the mesophase pitch used as precursor for synthesis of GMC.
The orientation of the graphene layers in GMC and AMC with
respect to the pore walls is difficult to characterize given the
complexity of the bicontinuous cubic mesostructure pore
structure as reported previously.45
Pt Catalyst Infusion and Characterization. The loading of
the Pt catalysts in mesoporous carbons is given in Table 2. For
AMC, a loading of 23 wt % was attained after a 4 mg/mL Pt
dispersion was infused into the support for 2 days. The final

concentration after infusion was <0.1 mg/mL, within the
experimental uncertainty (Supporting Information Figure S1),
indicating very strong adsorption. For GMC, 10 wt % loadings
were achieved under identical conditions. The smaller pore size
and surface area of the GMC relative to AMC contribute to the
lower loadings. However, 20 wt % loadings were achieved by
increasing the starting concentration of Pt nanoparticles to 10
mg/mL. The final concentration of nanoparticles after infusion
was 6.8 mg/mL.
For as-synthesized unsupported Pt catalysts, the average size
was 2.3 ( 0.3 nm. Figure 4 shows TEM images of the Pt
catalysts supported on mesoporous carbons. Pt nanoparticles
highly dispersed on GMC and AMC did not sinter or aggregate
significantly upon low temperature (e500 °C) removal of the
weakly bound ligands, as indicated by the similar histograms
(Figures 4B and Supporting Information S2B) For Pt supported
on GMC, the average metal particle size increased slightly to
3.05 ( 0.42 nm. The slight increase in the particle size for
uncalcined supported Pt can be attributed to the low image
contrast between the Pt and the carbon, which makes the
particles appear larger.24 Upon thermal calcination at 300 °C,
the size changed to 3.37 ( 0.65 nm. For AMC, the ligands
were removed at 500 °C. The average nanoparticle size was
3.55 ( 0.65 nm after annealing, indicating little sintering. Thus,
the average Pt sizes on AMC and GMC after calcination were
comparable.
Thermal and Electrochemical Stability of Carbon and
Pt-Carbon Composites. Figure 5A shows the TGA curves
for blank AMC and GMC supports and those with 20 wt % Pt
loading. Each curve exhibits four distinctive regions; a stable
region with no weight loss at low temperatures, a transition
region with gradual weight loss, a steep weight loss region, and
a plateau after all of the carbon is oxidized. The steep weight
loss region has a more complex shape for the samples with Pt
than for the blank supports. Figure 5B shows the derivative of
Figure 5A (differential thermal gravimetry or DTG). The onset
temperatures and the regions for steep weight loss are much
higher for the blank AMC and GMC than for the corresponding
carbons with Pt, indicating the catalytic effect of Pt on oxidation.
The onset of carbon oxidation for Pt-AMC occurs at a
relatively low temperature of ∼320 °C (inset of Figure 5B) and
is slightly better than the value of ∼250 °C for 20 wt % Pt on
Vulcan XC-72.46 GMC, on the other hand, does not show any
carbon degradation until a much higher temperature of 430 °C.
The AMC quickly loses mass at 400 °C (Figure 5), which is
lower than the onset oxidation temperature for GMC. The GMC
differential curves exhibit peaks at temperatures of 550 and 700
°C. The final stable weight percents for AMC and GMC are 23
and 21 wt %, respectively, in good agreement with the loadings
determined from UV-vis spectroscopy (Table 2).
The mass loss of the Pt-carbon composites after accelerated
thermal oxidation at 195 °C for 16 days is reported in Table 3.
Vulcan XC-72 with 20% Pt lost 8.84 wt % from carbon
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Figure 4. TEM micrographs of 20% Pt on (A) GMC uncalcined and (B) GMC calcined at 300 °C. (C, D) Histograms for A and B, respectively.
More than 50 nanoparticles were counted in each case.

oxidation to CO/CO2, consistent with previously reported
results.40 In contrast, the weight losses for Pt-AMC and
Pt-GMC were only 2.95 and 0.71 wt %, respectively. The
weight losses for the three carbon supports were negligible
without Pt, again indicating Pt catalyzes C oxidation.40 The
resistance to thermal oxidation of the graphitic carbon cannot
be directly correlated to electrochemical oxidation, but is an
indicator that some electrochemical resistance to oxidation may
occur. Additional electrochemical oxidation tests were performed
on the carbons. The potential was held at 1.2 V for 5 h, and a
cyclic voltammogram was taken every hour to determine the
capacitance (Supporting Information Figure S3). The capacitance
increases by a factor of 2 for the AMC and by only 1.5 for GMC.
Electrochemical, Chemical, and Physical Characterization
of Pt Composites before and after Accelerated Durability
Testing. The electrochemical stabilities of the Pt catalysts were
assessed through an ADT for 1000 cycles between 0.5 and 1.2
V at 50 mV/s, as shown in Figures 6-8. The ECSAs of the
platinum nanoparticles were estimated from the area of the
anodic peak corresponding to H desorption, QH, appearing
between 0.04 and 0.4 V by13

ECSA )

QH
mPtVc

where mPt is the mass of platinum on the electrode, ν is scan
rate (V/s), and c is a constant defined by the charge required to
oxidize a monolayer of hydrogen on Pt (0.21 mC/cm2). The
ECSA for 20% Pt on GMC calcined at 300 °C was 70 m2/g,
comparable to that of commercial Pt catalysts (65-68 m2/g).1
A modestly smaller value of 52 m2/g was observed for the

Figure 5. (A) TGA for the pure (blank) carbons and 20% Pt-infused
mesoporous carbons AMC and GMC calcined at 500 and 300 °C in
N2/H2 atmosphere and (B) differential thermal gravimetry (DTG) for
the Pt on AMC and GMC. Inset shows the magnified section of B
where onset of oxidation occurs for AMC.
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TABLE 3: Extended Thermal Stability Test of Carbona

a

type of carbon

% loss of carbon

20% Pt, Vulcan XC-72
20% Pt, A MC
20% Pt, GMC
blank Vulcan XC-72
blank AMC
blank GMC

8.84
2.95
0.71
<0.5
<0.5
<0.5

Samples held at 195 °C in air for 16 days.

Figure 6. Electrochemical studies for 20% Pt on mesoporous carbon
before and after ADT cycling for conditions in Table 4: (A) CV of
GMC at 20 mV/s and (B) CV of AMC at 20 mV/s.

Figure 8 shows the Tafel slopes of mass and specific area
activities, in the kinetically controlled regime, before and after
ADT potential cycling. The mass activities for both the
Pt-GMC calcined at 300 °C and calcined Pt-AMC before
cycling are 0.14 A/mg Pt at 0.9 V (Table 4), about 30% higher
than that of commercial 20 wt % Pt supported on Vulcan XC72.1 Thus, the degree of graphitization of the support did not
appear to influence the initial mass activity. Similarly, the
specific area activities for both Pt-GMC and AMC catalysts
before cycling were ∼200 µA/cm2, comparable to the value for
Pt supported on Vulcan XC-72.1 For Pt-AMC, a significant
∼30% loss in mass activity occurred during ADT, which
correlates well with the 30% loss in ECSA (Figure 6B and
Table 4).
Figure 9 gives the XRD spectra of Pt before and after ADT
cycling. Pt crystalline peaks observed at 2θ ) 39.8°, 46.5° and
67.8°, and 81.6° may be assigned to the (111), (200), (220),
and (311) orientations, respectively, for an FCC crystal phase.
The Scherrer equation was used to estimate nanoparticle sizes
from the (111) reflection before and after ADT. For GMC, the
size before ADT was determined to be 3.2 nm, in good
agreement with the average size of 3.4 nm determined from
TEM. Upon ADT cycling, the Pt diameter increased slightly to
3.6 nm, an increase of ∼10%. All of the peaks for the
orientations in the FCC crystal phase remained. For AMC, upon
ADT cycling, the peaks become sharper and narrower, indicating
a significant increase in Pt size. An additional peak at 86.2°
corresponding to the (222) plane appears. The Pt size for AMC
increased from 3.6 to 5.6 nm upon ADT, an increase of over
55%, significantly larger than in the case of GMC.
According to XPS in Figure 10, the C 1s spectrum for GMC
does not change after potential cycling. However, for AMC,
two new pronounced peaks appear at higher binding energies
relative to the original peak at 284.4 eV. The peak appearing at
288.5 eV can be attributed to the formation of COOH groups
on the surface due to carbon oxidation.47 The O/C ratio increases
by 100% upon potential cycling for AMC as compared with
only 25% for GMC. The peak in Figure 10C shows that the
binding energy for the Pt 4f7/2 peak for GMC (72.1) is larger
than for both unsupported Pt (71.0 eV) and Pt on AMC (71.2
eV, Figure 10D).48,49
Discussion

uncalcined Pt-GMC composite (Table 4). All the ligands are
expected to be removed at 300 °C because dodecylamine starts
oxidizing at 180-200 °C (as seen in TGA of pure Pt nanoparticles). These ECSA results indicate that the ligand covers only
∼25% of the Pt active sites prior to calcination. For calcination
at 500 °C, the ECSA is slightly lower (62 m2/g) and similar to
the value for the calcined AMC sample.
After ADT cycling, the CV for Pt-GMC (Figure 6A)
overlaps the original curve, indicating a negligible loss in activity
for oxygen reduction and a constant ECSA (see Table 4). The
20% Pt on AMC sample, however, loses substantial ECSA, with
a 30% drop, as shown in Figure 6B. In addition, 20% Pt on
Vulcan XC-72 shows an even greater loss of 70% in ECSA
under identical ADT cycling conditions.7
The linear scan voltammograms for the ORR before and after
ADT cycling for Pt-GMC are given in Figure 7. The diffusionlimited current densities determined from the plateau at low
potentials (<0.4 V) are 5.6 and 6 mA/cm2 for Pt supported on
GMC and AMC, respectively, both before and after ADT. These
current densities are comparable to the 6 mA/cm2 for a smooth
polycrystalline Pt-disk electrode for the same rotation rate of
1600 rpm.

Carbon Oxidation and Its Effect on Electrocatalyst
Stability. Surface oxygen functionalities in the carbon support
act as reactive centers for the oxidation of the C to CO and
CO2, which is further catalyzed by the supported Pt particles.8,26,40
This oxidation strongly limits the catalyst stability, as was also
seen for all of the examples in the present study, except the
highly graphitic GMC. The instability of the AMC, which was
shown to be more amorphous than GMC in the XRD spectra,
was evident in the carbon weight loss under isothermal treatment
at 195 °C (Table 3).8,50 The weight loss for Vulcan XC-72 was
significantly higher than that for AMC, suggesting even greater
amorphous character.51 The resistance to thermal oxidation is a
potential indicator that the carbon will be stable under electrochemical oxidation. The resistance to oxidation is confirmed in
the electrochemical oxidation tests (Supporting Information
Figure S3). The larger capacitance increase for AMC, as
compared with GMC, indicates that more of the carbon is
oxidizing. This degradation can cause micropores and roughen
the surface, leading to an increased area and double layer
capacitance.
The oxidation of the AMC is prevalent during ADT potential
cycling, as reflected by the manifestation of peaks in the
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TABLE 4: Electrochemical and Physical Characterization of Catalysts before and after ADTa
before ADT potential cycling
carbon
GMC
GMC
GMC
GMC
AMC
VC XC721

calcd
DTEM CSATEM Dxrd CSAxrd
temp (°C) (nm) (m2/g) (nm) (m2/g)
300
350
500
not calcd
500

3.4

82

3.1
3.5

91
79

3.2

87

3.3
3

84
93

I
(A/mgPt)
0.14 ( 0.03
0.13
0.1
0.042
0.14 ( 0.03
0.11

after ADT potential cycling

I
(µA/cm2)
208 ( 25
170
155
82
218 ( 33
200

ECSA
(m2/g)

Dxrd CSAxrd
(nm) (m2/g)

70 ( 11 3.6
74
62
52
65 ( 10 5.6
69
5.3813

79

51
52

I
(A/mgPt)

I
(µA/cm2)

0.14 ( 0.04
203 ( 26
0.14
171
0.12
149
0.046
84
0.095 ( 0.02 202 ( 30
0.035
∼180

ECSA
(m2/g)
69 ( 11
76
71
54
46 ( 9
21

a
Each sample has ∼20 wt % Pt loading. ADT: 0.5-1.2 V vs NHE at 50 mV/s for 1000 cycles in Ar-saturated 0.1 M HClO4. All activities
were taken at 0.9 V vs NHE.

Figure 7. Linear scan voltammogram of 20% Pt on GMC at 5 mV/s
and 1600 rpm.

287-293 eV binding energy range for the C 1s XPS spectra
(Figure 10). These peaks are commonly referred to as the carbon
“oxide shoulders”.20,52 The increase in the atomic ratio of O/C
for Pt/AMC was 1.6 times that for Pt/GMC, indicating a greater
degree of oxidation, as seen previously in similar comparisons..20
As the C was converted to oxidized forms and finally to CO
and CO2, the ECSA and the activity of the catalyst decreased
as the number and strength of C-Pt interactions decreased.
The lower activity loss for the ORR (Table 4) for the more
graphitic GMC results in part from the lower degree of carbon
oxidation.5 Graphitization of the mesoporous carbon enhances
the basal layer dimension, as determined from XRD. Therefore,
the number of edge sites where oxide species readily form is
significantly reduced. This mitigates carbon oxidation,3 confirmed by the insignificant weight loss of carbon for 20 wt %
Pt on GMC held isothermally at 195 °C (Table 3) and a higher
onset temperature for oxidation, ∼430 °C, relative to AMC,
∼310 °C (Figure 5). The high stability of graphitized carbons
against oxidation is also reflected in the XPS after ADT potential
cycling. No “oxide shoulder” peaks between 287 and 293 eV
are observed for GMC, unlike the case for AMC. In summary,
the order of stability for both ECSA and ORR activity is
Pt-GMC . Pt-AMC > Pt-Vulcan carbon, consistent with
the resistance to carbon oxidation according to TGA and the
XPS measurements after ADT.
Catalyst Synthesis and Stability Facilitated by Catalystsupport Interactions. Pt dissolution as well as C oxidation can
lower the catalyst stability. At potentials above 0.7 V, Pt is
oxidized to PtO and forms multilayers of PtO at even higher
oxidation potentials (>1.0 V). PtO reacts with the hydrogen ions
of the acidic electrolyte, PtO + 2H+ ) Pt2+ + H2O. The
resulting Pt2+ can dissolve in the electrolyte and then redeposit
on other Pt nanoparticles during the ADT reduction cycle,
causing 3D Ostwald ripening with an associated loss in ECSA.
Alternatively, Pt2+ ions may migrate into the solution and

become electrostatically anchored to the negatively charge
sulfonic groups on the Nafion polymer. The stability in Pt size
and ORR activity after ADT indicated negligible Pt dissolution
and Ostwald ripening (Table 4). The lack of Ostwald ripening
was also favored by the uniformity in the initial particle size
distribution in Figure 4.
The strong binding interaction between the Pt nanoparticles
and GMC is evidenced by the shift in the XPS Pt 4f7/2 peak to
a higher binding energy (72.1 eV), as compared with both
unsupported Pt (71.0 eV) and Pt on amorphous AMC (71.2 eV)
(Figure 10).48,49 This shift in binding energy can be attributed
to a change in the coordination of the Pt due to the interaction
of the metal with the carbon support. Although the exact nature
of the Pt interaction with graphite is still a topic of considerable
discussion, it is reported that the delocalized electrons in the p
orbital of the π sites on graphite overlap with the d orbital of
the Pt ([Xe] 4f14 5d9 6s1), indicating that the nature of the
binding is partially covalent.11 This occurs due to π-backbonding, in which the electron in the d orbital of the metal is shared
with a π* antibonding orbital from the graphitic support. In
addition, partial electron transfer from the Pt to the graphitic
surface has also been determined by previous XPS11 and DFT53
studies. Thus, the strong partially covalent bond due to metal/
support orbital overlap (π-backbonding) coupled with partial
charge transfer between Pt and graphitic surfaces enables strong
metal-support interactions to facilitate high Pt loading and favor
catalyst stability during ADT. As the degree of graphitization
increases, thereby increasing the Pt-C binding, sintering of
metal nanoparticles has been shown to decrease by Coloma et
al.9 For carbons with significant amorphous character, such as
AMC, the presence of oxygen complexes on the surface
withdraws electrons from the π sites, thus weakening the binding
of the Pt to the carbon surface.9
Given the stability of the ECSA, CSA, and ORR activity
(from CV, TEM, and XRD) for the Pt-GMC catalyst, the
degradation mechanisms of Pt dissolution, nanoparticle coalescence, and Ostwald ripening appear to be insignificant. Both
the resistance toward carbon oxidation and strong Pt-C
interactions contribute to catalyst stability. However, the effect
of Pt-support interactions on the Pt dissolution is not well
understood. It is plausible that the C-Pt binding due to
π-backbonding synergistically alters the electronic structure of
the Pt metal, causing the observed shift to higher binding
energies for the Pt 4f7/2 XPS spectra for Pt on GMC, thereby
creating a stabilizing effect against Pt oxidation. The delocalization of electron density in the orbital overlap between the Pt
and the π sites on the carbon lowers the tendency to form a
Pt-O bond as the potential becomes more oxidizing, resulting
in a decrease in Pt dissolution. A related method that alters the
Pt electronic structure and thus increases its resistance to
oxidation is galvanic deposition of Au clusters on Pt nanopar-
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Figure 8. Tafel slopes for (A, B) mass activities and (C, D) specific activities for Pt-GMC calcined at 300 °C and Pt-AMC calcined at 500 °C,
respectively.

Figure 9. XRD spectra of 20% Pt on (A) GMC and (B) AMC before
and after ADT (conditions in Table 4). Calcinations were done in a
7% H2/93%N2 environment.

ticles.54 For the more amorphous AMC carbon, the Pt-C
interactions are weaker (as shown by the lower binding energy

in the Pt 4f7/2 XPS spectra as well as the catalyst stability in
ADT), such that the Pt-π site overlap makes the Pt more
susceptible to oxidation to PtO.
In Table 4 for Pt on Vulcan XC-72, a loss of 70% in ECSA
is observed, as compared with only 55% in CSA. The higher
loss for ECSA may be attributed to nanoparticles isolated from
carbon corrosion, as observed previously.20 For AMC, the
smaller and more similar losses in CSA (35%) and ECSA (30%)
indicate a smaller degree of nanoparticle isolation, consistent
with the greater resistance to C oxidation (Table 3), as well as
stronger Pt-C interactions from a higher degree of graphitization.
The infusion of presynthesized nanoparticles into GMC has
been shown to be highly effective for producing stable catalysts
with high metal dispersion and controlled particle sizes. The
low surface coverage (∼25%) by the weakly binding ligands
facilitates the strong metal-support interactions during nanoparticle infusion6,22,55 In the current study, these strong interactions were maintained throughout calcination and ADT. For
wetness impregnation and other precursor reduction techniques,
the lack of polar oxygenated sites on the carbon often leads to
weak adsorption of metal precursors.8 Consequently, upon
reduction, metal precursors nucleate and grow to large nanoparticle sizes (>5 nm) and with insufficient metal-support
interactions for high stability.8 In contrast, precursor reduction
in organic solvents has led to sufficient adsorption of the
precursors to produce stable Pt on graphitic carbon with a loss
in ECSA of only 14% after a potential hold at 0.9 V for 160 h
under an inert atmosphere.16 Alternatively, Pt nanoparticles with
<3 nm size were synthesized on nitric acid treated graphitized
carbon nanotubes (CNT) by wetness impregnation to facilitate
precursor adsorption. Although only a 15% loss in ECSA was
observed upon potential cycling between 0.6 and 1.2 V for 1000
cycles,14 the loss was essentially zero for the GMC catalyst in
the present study. This extreme stability may be attributed to
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Figure 10. XPS spectra before and after ADT for 20% Pt supported on GMC and AMC. (A, B) C 1s region for AMC and GMC, respectively.
(C, D) Pt 4f region for GMC and AMC, respectively.

the high dispersion and separation of Pt particles in the 3D
bicontinuous internal pores, strong Pt-C interactions, and the
lack of acid treatment for GMC, which results in a great
resistance to oxidation. The larger area mesoporous supports
more widely spread the supported particles. These increased
interparticle distances help to prevent coalescence and Ostwald
ripening, thereby enhancing stability.
Conclusions
Herein, we have prepared highly stable presynthesized Pt
electrocatalysts supported on ordered graphitized mesoporous
carbon for ORR with controlled size and surface morphology.
The extremely small loss of <2% in ORR catalyst activity for
Pt supported on GMC is unprecedented after an accelerated
durability test (ADT) of 1000 cycles between 0.5 and 1.2 V.
This electrochemical stability is consistent with the lack of
change in Pt size as observed by XRD, TEM, and electrochemical surface area measurements. In comparison, the loss is 30%
for Pt supported on amorphous mesoporous carbons (AMC) and
70% on commercial Pt on Vulcan XC-72. The highly graphitic
mesoporous supports, with relatively few surface oxygen
functionalities, as shown by XRD and XPS, are highly resistant
to oxidation. This resistance, combined with the strong
metal-support interactions from electron delocalization between
the Pt d-orbitals and carbon π sites and partial charge transfer
from Pt to C as observed by XPS53 and DFT11 calculations,
produce high catalyst stability. These factors mitigate Pt
migration and coalescence, as well as Pt dissolution and
subsequent Ostwald ripening. The high dispersion of the Pt on
the high surface area mesoporous supports with tortuous
pathways in the bicontinuous 3D mesopores further lowers the
tendency of Pt coalescence.

In addition to high stabilities, activities were enhanced by
designing Pt particles with high fractions of the preferred (111)
surfaces via arrested growth precipitation. The size and morphology of these presynthesized nanoparticles are maintained
upon infusion and mild calcination. These properties are less
controllable for the conventional method of adsorption and
reduction of Pt precursors The low surface coverage of the
weakly bound ligands does not interfere with the strong Pt-C
interactions6 that produce the high metal loadings. In contrast,
high loadings are rarely achievable on highly graphitic carbon
by precursor reduction, given weak precursor adsorption.3 The
ability to control catalyst size and surface morphology with
presynthesized catalysts on highly graphitic mesoporous carbons
offers novel opportunities for designing carbon-supported
catalysts with substantially greater activity and stability.
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