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This work demonstrates the impact of the nanostructure (pore size, wall thickness and wall crystallinity)
of several carbon materials on their performance as oxygen reduction reaction (ORR) catalyst supports
in PEM fuel cell applications. Two different mesoporous carbons [a surfactant-templated ordered meso-
porous carbon (OMC) with 1.6 and 3.3 nm pores, and a silica colloid-imprinted carbon (CIC) with a 15 nm
pore size], selected as being the most active in their class, were compared with microporous Vulcan
roton exchange membrane fuel cell
xygen reduction reaction catalysts
anostructure
rdered mesoporous carbon
olloid-imprinted carbon
ransmission electron tomography

Carbon. After loading with 20 and 40% Pt, both 3D transmission electron microscopy and electron tomog-
raphy revealed that the Pt nanoparticles reside inside the majority of the pores of the OMC and CIC, but
are located only on the outer surface of the VC particles. ORR performance studies on a rotating glassy
carbon disc electrode in O2-saturated 0.5 M H2SO4 showed that the Pt-loaded CIC outperforms both Pt-
loaded OMC and VC. This is attributed to the higher electronic conductivity (due to the thicker and more
crystalline walls, seen by both X-ray diffraction and thermogravimetric analysis) and facilitated mass

res o
transport in the larger po

. Introduction

Fuel cells are devices that very efficiently convert chemical
nergy directly into electrical energy through electrochemical reac-
ions, without the generation of pollutants, such as NOx, SOx, or
articulates. One of the leading types of fuel cells is the proton
xchange membrane fuel cell (PEMFC), which operates at relatively
ow temperatures (∼80 ◦C), resulting in a rapid start up time and

aking it very well suited for transportation and portable applica-
ions. When operated on pure H2 and air, the only product formed
n a PEMFC is pure H2O.

In order for the electrochemical conversion of H2 (at the anode)
nd O2 (at the cathode) into water to proceed in a PEMFC, cat-
lytic sites that are accessible to protons, electrons, and reactant
ases are required. This is accomplished by using porous, electron-
cally conducting electrodes that also contain a proton conducting
hase, such as NafionTM. In PEMFCs, Pt is used as both the anode and
athode catalyst, with the oxygen reduction reaction (ORR) being

he rate limiting process. While PEMFCs have many advantages,
he high cost of Pt makes it essential to disperse it as nanoparti-
les in order to increase the surface to area ratio, thus maximizing
ts usage. Currently, this is achieved by depositing Pt nanoparti-

∗ Corresponding author. Tel.: +1 403 220 6432; fax: +1 403 289 9488.
E-mail address: birss@ucalgary.ca (V. Birss).

378-7753/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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© 2011 Elsevier B.V. All rights reserved.

cles onto a conducting, high surface area, porous carbon support
material.

Vulcan XC-72R carbon (VC) is currently the most widely
employed catalyst support for PEMFC applications, as it is relatively
crystalline and hence has good electronic conductivity. Although VC
also has a reasonably high surface area (∼220 m2 g−1), it is primar-
ily a microporous material, with pores < 2 nm in diameter. These
pores are too small to accommodate Pt nanoparticles of the optimal
size (2–4 nm) [1] and thus the Pt particles reside primarily on the
outer surface of the VC particles, making them prone to dislodge-
ment and/or agglomeration. Further, the micropores in VC are likely
too small [2] to be accessible to the Nafion ionomer (distributed
throughout the catalyst layer to provide proton-transfer pathways),
with its hydrophilic pockets in the 1–5 nm range, depending on the
degree of hydration [2,3]. Another problem with VC support mate-
rials is that they can suffer severely from corrosion during start-up
and shut-down of PEMFCs [4].

In order to overcome these problems, recent efforts have been
focussed on synthesizing mesoporous (2–50 nm pore diameter [5])
carbon support materials. This includes ordered mesoporous car-
bons (OMCs), materials that are typically prepared using an amine

surfactant to first template an ordered mesoporous silica (OMS)
structure, which then templates the formation of the OMC. These
OMCs have a very narrow pore size distribution, tuneable between
2 and 7 nm in diameter [6] and exhibit among the highest double
layer capacitances yet reported for carbon [7].

dx.doi.org/10.1016/j.jpowsour.2011.02.034
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:birss@ucalgary.ca
dx.doi.org/10.1016/j.jpowsour.2011.02.034
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The first literature report regarding the use of Pt-loaded
urfactant-templated OMCs as ORR catalysts was quite promising
8], likely related to the small Pt particle size (∼2.5 nm) achieved
n the high surface area of OMCs (>1000 m2 g−1), even at high
50 wt% Pt) loadings. Using TEM electron tomography, Chang et al.
9] showed that the Pt nanoparticles on an OMC containing pores
5 nm in diameter [9] (formed using a meso-structured cellular
iO2 foam) are uniformly distributed throughout the full porous
tructure of the OMC. However, for a Pt-loaded OMC with a pore
ize of ∼3.5 nm, electron tomography [10] showed that the major-
ty of the Pt particles reside on the outer surface, with only a few Pt
anoparticles found inside the OMC pores. Notably, the morpho-

ogical results reported in these papers were never linked to the
lectrochemical performance of the catalysts.

Other groups have shown that Pt/OMCs perform very well at low
urrents, but display mass transport limitations at higher currents
11–13]. It is therefore possible that the pores of the OMCs may
e large enough to accommodate Pt, but not Nafion [14]. Also, it
as been shown that, when sucrose is used as the OMC precursor,
he resulting structure is relatively amorphous and thus expected
o be more susceptible to corrosion than more graphitic supports
15]. Despite these challenges, recent work [16] has continued to
ocus on optimizing OMC materials as catalyst supports for PEM
uel cell applications, primarily due to the small Pt particles size
nd homogeneous Pt distribution reported for these carbons.

Another type of mesoporous carbon (colloid-imprinted carbon,
IC) has been recently developed by the colloidal imprinting of a
esophase pitch carbon [6], giving pore diameters > 7 nm in size.

ince the pitch is comprised of an aromatic napthalene polymer, the
esulting support (after carbonization) is relatively graphitic and
ence quite conductive, similar to VC. When a CIC (26 nm pores)
as loaded with Pt, the preliminary ORR activity was very good

elative to similarly loaded VC and no mass transport limitations
ere seen at high currents [17]. Despite these promising results, to
ate, only two published Communications have examined the ORR
t Pt-loaded CICs [17,18]. It is clear that a direct comparison of the
RR performance at Pt-loaded VC, the OMCs, and these new CICs,
arried out within a single laboratory (using the same ink prepara-
ion and deposition methods, and the same performance evaluation
ools) is necessary.

Therefore, this work involves the first-time direct compari-
on of the ORR activity at these three categories of Pt-loaded
20 and 40 wt%) carbon supports, all treated and evaluated in the
ame manner. Using high-resolution TEM electron tomography, it
s shown that the improved kinetic performance of both the Pt-
oaded CIC and OMC supports (vs. Pt-loaded VC) in the activation
egion, obtained from rotating disc studies, is due to their smaller
t nanoparticle size (higher catalytic area) and more uniform Pt
article distribution. However, the Pt/CIC catalyst gives the best
RR activity, overall, at all potentials, due to the larger pores and

hicker, more crystalline walls of the CIC support, thus minimizing
ass transport losses.

. Experimental

.1. Ordered mesoporous carbon (OMC) synthesis

The preparation of the ordered mesoporous carbons (OMCs)
ollowed a procedure reported previously [19], except that HMS
a wormhole structure) silica was used, as opposed to SBA-15 (a

exagonal structure) [20]. Further details of the synthesis can be

ound in previous work from our group [7]. Briefly, the chain length
n) of the surfactant templating agent (CnH2n+1NH2) was varied
etween 8 and 16, making four different ordered mesoporous sil-

ca (OMS) structures. These were then each filled with sucrose and
ources 196 (2011) 5438–5445 5439

carbonized, with the silica subsequently removed by refluxing in
2.5 wt% NaOH.

2.2. Colloid-imprinted carbon (CIC) synthesis

The synthesis of the colloid-imprinted carbon (CIC) support
material (15 nm pores) was based on a procedure previously
reported by Li and Jaroniec [6], where mesophase pitch (MP) car-
bon pellets (Mitsubishi, Japan) were ground in a mortar and pestle
and then filtered using a 270 mesh sieve. One gram of the ground
MP powder was dispersed in 20 mL of EtOH/H2O (60:40 v/v) and
20 mL of a 40 wt% colloidal silica suspension in H2O (Ludox-HS-40
12 nm diameter silica colloids, on average) were then added drop-
wise with vigorous stirring. The temperature of the stirred mixture
was raised to 50 ◦C to promote solvent evaporation, after which the
remaining carbon/silica composite was heated under N2 to 360 ◦C
at a ramp rate of 5 ◦C min−1. The sample was then held at 360 ◦C
for an additional 2 h, cooled to 220 ◦C, and then held there for 10 h.
The material was then allowed to cool to room temperature (RT)
under a continuous flow of N2, followed by carbonization at 900 ◦C
(5 ◦C min−1) for 2 h and then cooling to RT under a constant N2 flow.
Finally, 1 g of the carbon/silica composite was refluxed in 100 mL
of 3 M NaOH for 24 h to remove the silica, washed with water to
achieve a neutral pH, dried at 120 ◦C, and then ground again using
a mortar and pestle, forming the CIC powder.

2.3. Pt loading of carbon supports

The CIC, OMC, and VC (Vulcan XC-72R carbon, Cabot) pow-
ders were all loaded with Pt (either 20 or 40 wt%) using a
wet-impregnation method [8], employing H2PtCl6·6H2O as the Pt
precursor and H2 as the reducing agent. In this approach, 0.67 g
(20 wt% Pt) and 1.78 g (40 wt% Pt) of H2PtCl6·6H2O, dissolved in
2 mL of acetone, were added drop-wise to 1 g of carbon with vig-
orous stirring. The sample was then dried at 60 ◦C overnight. The
H2PtCl6·6H2O was reduced by heating the sample under H2 from
room temperature (RT) to 300 ◦C over a period of 2 h, kept at 300 ◦C
for 2 h under N2 to remove any adsorbed H2, and then allowed to
cool to RT.

2.4. Material characterization

X-ray powder diffraction (XRD) patterns were obtained using
a Rigaku Multiflex X-ray diffractometer (Department of Geology,
University of Calgary), using Cu K� radiation (� = 0.15406 nm). The
operating conditions were 40 kV and 20 mA and the data were
processed with Jade software (Version 6.5). Thermogravimetric
analysis (TGA) was performed on a Setaram TAG16 at a heating
rate of 10 ◦C min−1 from RT to 800 ◦C in 20% O2/He.

Nitrogen adsorption–desorption isotherms were collected at
−196 ◦C using a Micromeritics Tristar 3000 analyzer. Prior to
analysis, samples were out-gassed in N2 at 250 ◦C for 4 h. The spe-
cific surface area was obtained using the Brunauer–Emmett–Teller
(BET) plot (0.05 < P/P0 < 0.30), where P and P0 are the partial pres-
sure and vapour pressure of the adsorbate gas, respectively. The
total pore volumes were calculated at P/P0 = 0.99, while the pore
size distribution curves were calculated from the adsorption branch
of the isotherm using the Barrett–Joyner–Halenda (BJH) mode.

All transmission electron microscopy (TEM) work was carried
out on a Tecnai TF20 G2 FEG-TEM (FEI, Hillsboro, OR, USA) with
a Fischione 2040 Dual-Axis Tomography Holder (Fischione Instru-

ments, Export, PA, USA). The catalysts were suspended in ethanol
and sonicated for 5 min. A drop of this suspension was placed on
one side of a TEM Slot Grid (1 mm × 2 mm) that was covered with
a ∼40 nm thin continuous Formvar film (EMS, Hatfield, PA, USA)
and left to dry for several minutes. Colloidal gold particles (10 nm)
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Table 1
Selected physical properties of carbon support materials prior to Pt loading.

Carbon support BET surface
area
(±10 m2 g−1)

Pore sizeb

(nm)
Pore
volume
(mL g−1)

VC 220 <2 0.70
OMCa 1570 1.6 (65%),

3.3 (35%)
1.10

thesized using sucrose, contains much smaller graphitic domains
(broader peak) than VC (narrower peak). The OMC therefore has
an amorphous structure with a low degree of graphitization,
expected to correlate with a higher electronic resistance and a
440 D. Banham et al. / Journal of Po

ere placed on the other side of the grid to serve as fiducial markers.
inally, a thin carbon coating was applied to both sides of the grid
or mechanical stabilization and to reduce electric charging in the

icroscope. All TEM images were captured on a 1024 × 1024 pixel
atan GIF 794 CCD (Gatan, Pleasanton, CA, USA). Dual axis TEM

omography was carried out by taking one image every degree for
range between 130 and 145◦ with the program SerialEM [21]. The

omographic reconstruction was done by weighted back-projection
ith the IMOD software package [22,23]. The same software was
sed for visualization and analysis.

.5. Electrochemical evaluation of catalysts

0.01 g of the Pt/C powder was dispersed into 0.4 g of a 1.0 wt%
afion/isopropanol solution (for the OMC and CIC-supported cata-

ysts) or a 1.0 wt% Nafion/EtOH solution (for VC-supported catalyst)
nd sonicated for at least 25 min. An Eppendorf pipette was used
o deposit 14 �l of the ink onto a glassy carbon rotating disc (RDE)
orking electrode (WE) and dried at room temperature. The mass

f the deposited ink aliquot was typically 10–11.5 mg (Mettler
oledo AB204 analytical balance), resulting in a Pt/C catalyst load-
ng of 0.25–0.30 mg.

The catalysts were then evaluated in a three-electrode cell
ontaining a platinised Pt mesh counter electrode, a reversible
ydrogen reference electrode (RHE), and the 7 mm diameter glassy
arbon RDE, cast with the catalyst film. Cyclic voltammetry (CV)
as carried out using a Solartron 1287 potentiostat in conjunction
ith an EG&G PARC 175 function generator. The cell solution was

.5 M H2SO4, purged with vigorous bubbling of either N2 (Praxair
9%) or O2 (Praxair medical grade).

All catalyst layers were first electrochemically cleaned by scan-
ing between −0.05 and 1.7 V at 100 mV s−1 for 20 cycles, followed
y CV analysis (0.05–1.1 V vs. RHE) in a N2-saturated aqueous solu-
ion with no electrode rotation. The ORR electrochemistry was
hen evaluated at 10 mV s−1 in an O2-saturated cell using a Pine
nalytical rotor (Model ASR-2). The baseline CVs in N2-saturated
onditions were then subtracted from the CVs collected under
erated conditions to remove the non-Faradiac component of the
urrent. All CV data were collected using Chart 5 by PowerLab.

. Results and discussion

.1. Selection of mesoporous carbons for comparison

Because high surface area supports are known to promote excel-
ent Pt nanoparticle dispersion [8] and thus would be expected to
ive the highest ORR activity, an ordered mesoporous carbon (OMC)
aving the highest possible surface area was sought in this work.
ig. 1 shows that, the longer the surfactant chain used to synthe-
ize the ordered mesoporous silica (OMS) template, the higher the
esulting OMC surface area, based on N2 sorption measurements.
hese results are consistent with the recently reported [7] trends in
he double layer capacitance of this series of OMCs. Therefore, the
MC prepared from the C16H33NH2-templated OMS (the maximum

ength surfactant available), having a BET-determined surface area
f 1570 m2 g−1 (Table 1), was chosen for comparison in the present
ork.

The CIC examined in the present study was chosen based on
arallel work in our group, showing that a Pt-loaded CIC (15 nm
ores) outperforms other CICs with both smaller and larger [18]

ore sizes. Since one of the main goals of the present work was
o demonstrate the benefits of CICs vs. conventional OMCs, and
lso to compare against VC as a Pt nanoparticle support material,
he most active CIC (15 nm pore diameter) was selected for the
resent study. Table 1 shows that VC possesses the lowest surface
CIC 330 15 1.20

a Formed using C16H33NH2-templated OMS.
b Calculated using the BJH (Barrett–Joyner–Halenda) model.

area (of the three carbons) of 220 m2 g−1, typical of what has been
reported previously by others [24], while the CIC has a surface area
of 330 m2 g−1.

3.2. Carbon support material pore sizes

Table 1 gives the carbon pore sizes (determined from the N2
sorption data), which match closely with what was expected [7,18]
from the two synthesis routes used to prepare them. Based on the
pore sizes, VC is seen to be primarily microporous [25,26], while
the OMC and CIC supports are clearly mesoporous in nature. The
OMC mesostructure is bimodal, with 65% of its internal volume
taken up by pores 1.6 nm in diameter and 35% by pores 3.3 nm in
diameter [7]. The reason for the bimodal nature of the OMC may be
the partial filling of the silica template, in successive steps, during
the synthesis of OMC, as explained in more detail in an earlier paper
[7].

3.3. Carbon support crystallinity

XRD (Fig. 2) was used to determine the graphitic character of
the carbon materials (prior to Pt loading), primarily as a more
crystalline (more graphitic) structure is associated with higher
electronic conductivity [15,27]. Indeed, we have recently shown
[18] that the resistance of the carbon support can be one of
the most important factors limiting cathode performance in PEM
fuel cells. As well, it is generally accepted that graphitic carbon
should be more resistant to electrochemical oxidation (reaction
(1)) than amorphous carbon [15,27]. By comparing the width of the
graphite (0 0 2) peak at 2� ∼ 24◦ (Fig. 2), it is seen that OMC, syn-
Fig. 1. Surface area of OMCs vs. number of carbon atoms in the surfactant used to
prepare the OMS templates from which the OMCs are derived.
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Fig. 2. XRD patterns of (a) VC, (b) OMC, and (c) CIC before Pt loading.

reater susceptibility to oxidation, relative to graphitic carbon
14].

Compared to the OMC, the graphite (0 0 2) peak for the CIC
s much sharper, similar to VC. This increased graphitic charac-
er is a significant advantage of these CICs vs. the OMC supports.
t should be noted that both the OMC and CIC were carbonized
t the same temperature (900 ◦C). Heat treating CICs to still
igher (>1000 ◦C) temperatures during carbonization could fur-
her increase their graphitic domain sizes, while maintaining their

esoporous structure [28]. In the case of the OMCs, however, these
igher temperatures could have a detrimental effect on the struc-
ure of the porous network [28].

To confirm these differences in the carbon crystallinity, Fig. 3
hows the TGA results for the three carbon materials, all with a
0 wt% Pt loading, when heated at 10 ◦C min−1 in air up to a maxi-
um temperature of 800 ◦C. It is seen that VC and CIC have a similar

esistance to air oxidation, while OMC is more susceptible, the same
rends as seen by XRD analysis (Fig. 2). Indeed, it is known that
morphous carbon will be oxidized more readily than graphitic car-
on under TGA conditions [29,30] This can be rationalized using
hermodynamic arguments, based on Eq. (2), showing that, the

ore positive the �Gf value for carbon, the more favourable �Grxn
◦
the more negative E ) will be.

+ 2H2O � CO2 + 4H+ + 4e− E◦ = 0.207 V (1)

Grxn = [�Gf (CO2) + 4�Gf (H+)] − [2�Gf (H2O) + �Gf (C)] (2)

ig. 3. TGA of 20 wt% Pt-loaded (a) VC, (b) OMC, and (c) CIC, all at a heating rate of
0 ◦C min−1 from RT to 800 ◦C in 20% O2/He.
Fig. 4. XRD patterns of (a) VC, (b) OMC, and (c) CIC after 20 wt% Pt loading.

In Eq. (2), �Gf represents the free energy of formation of the reac-
tants and products, while �Grxn is the free energy of reaction (1).
Amorphous carbon is known to have a more positive �Gf value than
graphitic carbon [31] (this can also be deduced from the fact that
graphite is the most thermodynamically stable allotrope of carbon,
and thus has a �Gf value of 0 kJ mol−1), making the oxidation of
amorphous carbon more favourable than graphitic carbon. Aqueous
electrochemical corrosion studies are currently underway to verify
these preliminary TGA results, which suggest that the CIC support
should be more resistant to oxidation than the OMC material.

Another significant conclusion that can be reached from Fig. 3
is that all three Pt/C catalysts have the same Pt loading, in this case,
20%. This is seen from the fact that the final masses of all of the
catalysts are essentially the same (∼20% of the original mass), as
only Pt should remain after heat-treatment at high temperatures.

3.4. Size, location, and distribution of Pt particles on carbon
support materials

Table 2 shows the results obtained from the BET analyses of the
three carbon support materials after Pt loading. While the carbon
pore diameters remain unchanged, the surface areas and pore vol-
umes are all a little smaller than in the absence of Pt (Table 1). For
the mesoporous carbons, this may be due to Pt particles deposting
inside the structural pores of these materials, while for VC, this is
more likely to result from Pt deposition between individual VC par-
ticles, thus blocking textural pores, as will be confirmed below by
TEM analysis.

Fig. 4 shows the XRD patterns of the carbon samples after
loading with 20 wt% Pt, with Table 2 giving the Pt particle sizes,
calculated using the Scherrer equation. The VC support clearly gen-
erates the largest Pt crystallites (9 nm), consistent with the sharp
Pt peaks seen in Fig. 4 for this sample. This is because VC has the
lowest total surface area (Tables 1 and 2) and also as its micropores
are not utilized for Pt deposition [26]. Thus, the available surface
area is far less than the total BET surface area of 220 m2 g−1.

The OMC, with its very high surface area, would have been
expected to result in the smallest Pt particle sizes. However, the
observation (Table 2) that the average Pt particle size (4.5 nm) is
similar to that on the CIC (3.5 nm) may be partly explained by the
deposition of Pt only in the larger (3.3 nm) pores [7], which con-
tribute only ∼35% of the total surface area of the OMC material
(Table 1). In fact, the 3.3 nm OMC pores may also not be fully acces-
sible to the larger Pt nanoparticles, and thus only a fraction of the

internal OMC surface area will be available for Pt deposition.

In order to verify the Pt particle sizes obtained using XRD
(Table 2), TEM analysis was performed (Fig. 5). For the VC sup-
port, individual carbon particles 60–80 nm in size were observed
(Fig. 5a). However, it is not possible to clearly resolve the pores in
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Fig. 5. Representative TEM images of 20 wt% Pt-load

he VC material, which is not surprising, as our gas sorption studies
ave clearly indicated that VC is primarily microporous in nature
Tables 1 and 2), in agreement with the literature [25,26]. For the
t/OMC (Fig. 5b), it is again not possible to discern the individ-
al pores within the OMC support. This is consistent with the BET
esults (Tables 1 and 2), which show that these pores are relatively
mall (1.6 and 3.3 nm) and have a wormhole structure, with no long
ange order [7]. However, the pores in the CIC are clearly resolvable

n Fig. 5c, being ∼15 nm in diameter, in very good agreement with
he BET results (Tables 1 and 2).

Fig. 5 also reveals the Pt particle sizes on the three carbon sup-
orts. On VC, a broad size distribution is seen (3–12 nm) and the

able 2
elected physical properties of carbon supports after loading with 20 wt% Pt.

Carbon support BET surface
area
(±10 m2 g−1)

Pore sizea

(nm)
Pore volume
(mL g−1)

Pt cr
size
from

VC 170 <2.0 0.55 9
OMC 1210 1.6, 3.3 0.84 4.5
CIC 270 15 1.05 3.5

a Calculated using the BJH (Barrett–Joyner–Halenda) model.
b Obtained by dividing the total volume of Pt in the catalyst layer (obtained from its m

otal number of Pt particles. This was then multiplied by the surface area of 1 Pt nanopar
anoparticles were assumed in this calculation.
c Electrochemical surface areas (ECSA) of mesoporous carbon supports are likely unde

background) currents in CV experiments.
) VC, (b) OMC, and (c) CIC carbon support materials.

Pt particles are clearly much larger than on the OMC and CIC sup-
ports, in agreement with the XRD results (Table 2). For the Pt/OMC
and Pt/CIC materials (Fig. 5b and c, respectively), a narrower distri-
bution of Pt nanoparticle size (2.5–4 nm) is observed than on VC,
similar to what was obtained from the XRD data (Table 2). How-
ever, nothing can be concluded from Fig. 5 about the location of
the Pt nanoparticles, i.e., whether they are located predominantly
inside the pores or on the outer surface of the carbon particles.

Therefore, 3D TEM and TEM electron tomography techniques were
employed. It is important to note that tomograms (e.g., Fig. 6) are
not conventional TEM images, and rather, are obtained from digital
slices through the reconstructed 3D particles. Therefore, they can

ystallite
(±0.5 nm)
XRD

Pt crystallite size
range (nm) from
TEM

Estimated Pt
surface areab

(m2 g−1 Pt)

ECSA (m2 g−1)c

(±10%)

3–12 31 ± 2 39
2.5–3 62 ± 7 60
2.5–4 80 ± 11 65

ass) by the volume of one Pt nanoparticle (from the XRD radius), thus giving the
ticle and divided by the mass of Pt in the catalyst layer, giving m2 g−1. Spherical Pt

restimated, due to difficulties in accounting for their large double layer charging
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ig. 6. Tomography slices through samples of 20 wt% Pt-loaded (a and b) VC, (c) OM
n (b), Pt particles that are residing in the textural pores (between the VC particles)
egend, the reader is referred to the web version of the article.)

rovide powerful information as to the location and size of the Pt
anoparticles as a function of depth into the carbon particles (and
hus into the carbon pores).

For the tomographic analysis of Pt/VC (Fig. 6a and b), succes-
ive image slices through the sample confirmed that the majority
f the Pt nanoparticles reside in what appear to be textural pores
pores between agglomerated VC carbon particles), as opposed
o inside the framework porosity (pores within each VC parti-
le). This is more clearly visible in the tilt series obtained for VC
Supplementary material). In some images, the deposited Pt parti-
les are seen to trace the circumference of individual VC particles
Fig. 6b). Therefore, it is clear that the VC pores are too small (<2 nm)
o accommodate Pt, resulting in the deposition of larger (3–12 nm)
anoparticles on the outer surface of the VC particles.

Fig. 6c shows the tomogram of the Pt/OMC. It is very clear from
his snapshot that Pt has been deposited throughout the porous
MC network. This is a very important result, showing the most
omogeneous distribution of Pt ever reported for this type of OMC
aterial. However, based on the 2.5–3 nm size of the Pt particles,

nly the 3.3 nm pores can be utilized for Pt deposition and the
.6 nm pores in OMC must therefore remain empty. The fact that

nly 35% of the OMC volume contains the 3.3 nm pores helps to
xplain why the Pt nanoparticle size is very similar at the OMC and
IC supports (Table 2).

Fig. 6d shows the tomographic image of the Pt/CIC catalyst, indi-
ating that the Pt nanoparticles are uniformly distributed inside the
d (d) CIC. In (a) and (b), individual VC particles are circled in a dashed red line, and
cled in dotted blue lines. (For interpretation of the references to color in this figure

15 nm pores of the CIC support. This is the first reported tomogram
of a CIC material, and it clearly shows that the internal porous vol-
ume of the CIC (light regions in Fig. 6d) is significantly larger than
the OMC (light regions in Fig. 6c). It should be noted that the pores
seen in Fig. 6 are 3-dimensional and thus it is not possible to con-
clude from these images whether the pores are closed or open, since
a pore that appears to be closed in the x − y direction is also extend-
ing in the z direction. A comparison of Figs. 6c and d also shows
that the CIC has significantly thicker walls (5–10 nm) between the
pores than does the OMC (1–3 nm), with this latter value matching
closely with the expected wall thickness based on the pore size of
the ordered mesoporous silica used to synthesize the OMC support
[7]. Our recent work [18] has indicated that wall thickness may
be an important factor in designing optimal catalyst supports, with
thicker carbon walls providing better electronic conductivity of the
catalyst layer. These results thus predict that the CIC support mate-
rial will introduce less resistance into the catalyst layer than will
the OMC.

3.5. ORR characteristics of Pt/C catalysts
For the comparison of the ORR activities at the three Pt-
loaded carbon catalysts, 3-electrode techniques were chosen, as
this approach eliminates performance-limiting contributions from
the anode and electrolyte, encountered in single cell testing, as well
as any differences that may arise during assembly of a full cell.
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Fig. 7. (a) Oxygen reduction activity and (b) related Tafel plots for 20 wt% Pt-l

herefore, Fig. 7a shows a comparison of the 3-electrode ORR char-
cteristics of the Pt-loaded carbons on a rotating disc electrode,
ll for a 20 wt% Pt loading and at a constant electrode rotation
ate of 1000 rpm, with Fig. 7b showing the Tafel plots of the low
verpotential data. The currents in this range of potential are kinet-
cally controlled, as seen by their lack of dependence on potential
weep rate or electrode rotation rate. This is also supported by
he anodic ORR Tafel slopes of close to 80 mV decade−1 of current
Fig. 7b, Table 3) that were observed for all three supports. This
s a commonly reported value for the ORR at Pt/C catalysts in the
nodic CV scan direction in RDE experiments [32]. Also, the cathodic
afel slopes (not shown) were found to be close to the theoretical
0 mV decade−1. Therefore, we are confident that the Tafel data in
ig. 7b are free from diffusional or migrational effects [33,34], at
east until the onset of the bending in the plot at higher overpoten-
ials (<∼1 V), observed only for the Pt-loaded OMC support.

In the low overpotential (kinetic) region, it is clear from Fig. 7
hat both of the Pt-loaded mesoporous OMC and CIC carbon sup-
orts give a significantly better ORR performance than does the
t-loaded VC. These results (e.g., at 1.03 V, Table 3) show that the
urrents are ca. 3 times higher for the mesoporous supports than
or VC, for both 20 and 40% Pt loadings. These results are trend-
ng in the same direction as predicted from the XRD and TEM data
Table 2), which showed that the Pt nanoparticles deposited on the
wo mesoporous supports are similar in size (3–4 nm), while the Pt
articles on VC are significantly larger and less uniform (3–12 nm).
hus, the total surface area of Pt is expected to be higher on the
MC and CIC supports, and smaller on VC. In Table 3, the A g−1 val-
es, in both the kinetic and mixed kinetic diffusion regions, are all
maller for the 40 wt% Pt loadings vs. the 20 wt% Pt loadings. This
s expected, due to the larger Pt particle size reportedly obtained
hen higher Pt loadings are employed [8].
The Pt electrochemical surface area (ECSA) was calculated for

he three catalysts from the hydrogen underpotential deposition
HUPD) charges (Table 2), giving values on the CIC and OMC sup-

able 3
elected ORR characteristics at 20 and 40 wt% Pt-loaded carbons.

Carbon support Pt loading
(wt%)

Current at
1.03 V (A g−

(kinetic reg

VC 20 0.55
OMC 20 1.8
CIC 20 1.8
VC 40 0.32
OMC 40 1.0
CIC 40 1.0

a Tafel slopes measured after the onset of bending in plots in Fig. 7b at <1.01 V.
VC, OMC and CIC at 10 mV s−1 and 1000 rpm in RT O2-saturated 0.5 M H2SO4.

ports of 60–65 m2 g−1, while, on VC, the ECSA is ∼40 m2 g−1. As
these differences in the measured ECSA values do not fully account
for the factor of ∼3 in activity between Pt/VC, and either Pt/OMC or
Pt/CIC (Table 3), the Pt area was also calculated using the XRD data,
assuming a spherical Pt particle shape. In fact, there is a significant
error in the ECSA values for the mesoporous supports, due to their
very large background capacitive currents, resulting in an underes-
timation of the active Pt surface areas. Table 2 shows that these Pt
surface areas agree more closely with the ORR activity differences
for the three carbon supports in Table 3.

Taken together, Figs. 6 and 7 demonstrate that a key advantage
of both of the mesoporous carbon supports is their ability to better
distribute the deposited Pt, hosting them inside the carbon pores,
rather than just on the outer surfaces. This leads to smaller Pt par-
ticle sizes and thus a higher total Pt surface area, available for the
ORR. It is also noteworthy that, while full Pt stability tests have
not yet been performed, the ECSA values did not change during the
timeframe of our experiments (∼30 min with cycling between 0.05
and 1.1 V at 10 mV s−1). This argues that the Pt nanoparticle size,
shape, and distribution remained stable during the 3-electrode ORR
activity evaluation.

Fig. 7 also demonstrates that the Pt-loaded VC and CIC can be
polarized to higher overpotentials than can the Pt-loaded OMC
without encountering mass transport limitations. The onset of
bending of the Tafel plot (Fig. 7b) commences at ca. 1.01 V for
Pt/OMC, but not until < 0.92 V for Pt/VC and Pt/CIC. The higher
(∼150 mV), but linear, Tafel slope observed for the Pt-loaded OMC
at potentials < 1.01 V could have several origins. One is the pre-
dicted lower electronic conductivity of the OMC, arising from its
relatively amorphous nature, as shown by the XRD and TGA results
(Figs. 2 and 3, respectively). This may be exacerbated by the very

thin walls (1–3 nm) of the OMC vs. the CIC (5–10 nm) support [18],
observed in the TEM images in Fig. 6. The high Tafel slopes at Pt-
OMC (Table 3) may also arise from mass transport limitations (of
O2, H+, H2O) to/from the Pt nanoparticles that are located deep

1)
ion)

Current at 0.9 V
(mixed
kinetic/mass
transport
region)

Tafel slope
(>0.92 V)
(mV decade−1)
± 5 mV decade−1

10.5 83
13.0 80, 150a

16.5 83
7.1 78
6.7 85, 140a

8.5 82
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ithin the mesopores. This would be much more prevalent for the
MC support, vs. CIC, as the Pt-containing pore diameters are only
.3 nm for the OMC, compared to 15 nm for the CIC support. Long
nd narrow pores are known to lead to mass transport effects in
orous electrodes [33,34], leading to higher Tafel slopes.

Both the low electronic conductivity and diffusional limitations
ithin the OMC pores will cause a potential drop through the

t/OMC catalyst layer, thus increasing the Tafel slope and lowering
verall cathode performance [35,36]. The resulting poor ORR activ-
ty of the Pt/OMC material, particularly at high currents [12,13,37],
s a major problem, as cathodes in PEM fuel cells typically operate at
otentials of 0.5–0.9 V vs. RHE [38]. In contrast, the Pt/CIC catalyst
aintains its excellent performance over the full potential range.

. Conclusions

This work represents the first direct comparison between the
roperties of two classes of mesoporous carbons [a silica colloid-

mprinted carbon (CIC) and a ordered mesoporous carbon (OMC)
ormed using a silica template] and those of a conventional micro-
orous (<2 nm) carbon (Vulcan Carbon, VC) when employed as a
t catalyst support for application as PEM fuel cell cathodes, all in
single study. BET analysis showed that the CIC pores are 15 nm

n diameter, while the OMC has bimodal pores 1.6 and 3.3 nm in
ize. XRD analysis revealed that the CIC and VC supports both have
significantly more graphitic character than does OMC and thus

hould be both more conductive and more oxidation resistant, as
onfirmed by TGA analysis.

TEM electron tomography revealed the internal porous struc-
ure of the carbon supports and the precise location of the Pt
anoparticles at an unprecedented level. It was shown that, while Pt
esides primarily on the outer surfaces of the microporous VC pow-
er, the Pt nanoparticles are homogenously distributed throughout
he 15 nm mesopores of the CIC and in the larger (3.3. nm) pores of
he OMC supports. Both the OMC and CIC supports exhibited signif-
cantly better Pt nanoparticle dispersion and uniformity (2.5–4 nm)
han did VC (3–12 nm). Also, the tomography revealed differences
n the wall thickness of the mesoporous carbon supports, being
–3 nm for the OMC and 5–10 nm for the CIC.

The three carbon supports, loaded with 20 and 40 wt% Pt, were
valuated for their oxygen reduction (ORR) activity on a glassy car-
on rotating disc electrode in O2-saturated 0.5 M H2SO4. At low
verpotentials, both the Pt/OMC and Pt/CIC catalysts outperformed
he Pt/VC catalyst, related primarily to the smaller size of the Pt
articles (higher surface area) on the mesoporous carbon sup-
orts. However, at higher overpotentials, the performance of the
t/OMC deteriorated significantly. This is attributed to restricted
ass transport within the smaller pores of the OMC and a lower

lectronic conductivity, due to its less graphitic nature and thin-
er walls, vs. Pt/CIC. The results of this work strongly suggest that

uture work on mesoporous carbon supports for PEM fuel cell appli-
ations should focus on the highly promising CIC materials, rather
han on the OMC supports.
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