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This  paper  explores  the  effect  and  siting  (location)  of  Nafion  on  Pt/C  as  exists  in a PEM  fuel  cell catalyst
layer.  The  addition  of  30  wt%  Nafion  on Pt/C  (Nfn-Pt/C)  resulted  in a severe  loss  of  BET  surface  area
by  filling/blocking  the  smaller  pore  structures  in the  carbon  support.  Surprisingly,  the  presence  of  this
much  Nafion  appeared  to have  only  a minimal  effect  on  the  adsorption  capability  of either  hydrogen  or
CO on  Pt.  However,  the presence  of Nafion  doubled  the  amount  of  time  required  to  purge  most  of  the
gas-phase  and weakly-adsorbed  hydrogen  molecules  away  from  the  catalyst  during  hydrogen  surface
concentration  measurements.  This  strongly  chemisorbed  surface  hydrogen  was  determined  by a H2/D2
t/C
afion-Pt/C
2 activation
EMFC
ydrogen surface concentration

switch  and exchange  procedure.  Nafion  had  an  even  more  pronounced  effect  on  the  reaction  of  a  larger
molecule  like  cyclopropane.  Results  from  the  modeling  of  cyclopropane  hydrogenolysis  in  an  idealized
pores  suggest  that  partial  blockage  of  only  the  pore  openings  by the Nafion  for  the  meso–macropores  is
sufficient  to  induce  diffusion  limitations  on  the  reaction.  The  facts  suggest  that  most  of the Pt particles
are  in  the  meso–macropores  of the  C support,  whereas  Nafion  is present  primarily  on  the  external  surface
of the  C  where  it blocks  significantly  the  micropores  but  only  partially  the  meso–macropores.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Proton exchange membrane fuel cells (PEMFCs) have been
iewed by many as one of the most viable sources of clean energy
vailable. Characteristics of PEMFCs, such as fast startup, high cur-
ent density, and zero polluting emissions, render the technology
deal for automotive purposes [1].

Utilizing the redox reaction between hydrogen and oxygen to
roduce power, the general composition of a PEMFC consists of

 proton transport membrane sandwiched in-between an anode
nd cathode catalyst layer. With the hydrogen oxidation reaction
HOR) occurring at the anode, oxygen reduction reaction (ORR) at
he cathode, and the electrons produced conducted via an external
ircuit, fast transport of protons from the anode to the cath-
de depends almost entirely on the characteristics of the proton
ransport media utilized. For this purpose, most commercial PEM-
Cs favor a poly(perflourosulfonic acid) polymer, most commonly
nown as Nafion®, as the proton transport media due to their high
roton conductivity, water uptake, and durability [2].  This Nafion
onstitutes the membrane as well as a part of the catalyst layers. In

hose layers it is present on the catalyst (typically Pt/C) in relatively
arge amounts (∼30 wt%).

∗ Corresponding author. Tel.: +1 864 656 6614; fax: +1 864 656 0784.
E-mail address: jgoodwi@clemson.edu (J.G. Goodwin Jr.).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.05.052
Before the protons produced from the HOR can reach the Nafion
membrane, the activated hydrogen atoms must first be transported
from the Pt site to a nearby Nafion cluster. This first transport step
can take place either directly, if the Nafion is in direct contact with
the Pt particle, or by diffusion on the carbon support. For this pur-
pose, it is very advantageous to have high loadings of Nafion in
the catalyst layer of a PEMFC to ensure fast transport of activated
hydrogen atoms from the Pt to local Nafion clusters and then to the
Nafion membrane. While high loadings of Nafion in the catalyst are
important for fast proton transfer, one would hypothesize a nega-
tive effect of Nafion content on the activity of Pt for the HOR, i.e., by
blocking Pt surface atoms via physical and/or chemical interactions,
thereby preventing them from adsorbing and activating hydrogen.

To date, possible negative impacts of high loadings of Nafion on
Pt activity for hydrogen activation have been studied via electro-
chemical techniques, such as cyclic voltammetry (CV) and rotating
disk electrodes (RDE), and have only identified the large amounts of
Nafion present to be effectively impeding HOR by obstructing the
flow of feed gas and shifting the reaction from being kinetically con-
trolled to being controlled by the diffusion of reactant gases to the
catalysts [3–5]. While rate measurements were presented in these
studies, due to the large amounts of Pt employed and the extremely
fast reaction rate of HOR on Pt in the absence of any impurities, it is

unclear whether the results can really be interpreted kinetically and
were not affected by the H2 activation reaction being at equilibrium.
Furthermore, the electrodes used for the rotating disk voltammetry
studies were immersed in a H2-saturated solution, generally H2SO4,

dx.doi.org/10.1016/j.jpowsour.2011.05.052
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jgoodwi@clemson.edu
dx.doi.org/10.1016/j.jpowsour.2011.05.052


7 wer So

w
a
t
s
a
o
o
a
l
P
t

m
c
[
o
u
b
p
s
p
r
t
a
g
s
a
a
s
e
e
c
b

2

2

o
b
c
o

i
a
a
o
c
w
t
i
e
P

i
w
f
(
e
s
t
d
w
i

958 J.Z. Zhang et al. / Journal of Po

ith H2-gas passing through the solution during the analysis. Such
n environment may  create adsorption/transport characteristics of
he feed gas different than that in a fuel cell. Finally, high rotation
peeds in the RDE exceeding 10,000 rpm have been known to cre-
te turbulence in the solution and cause unknown contributions
f migration and cavitation effects [6]. These sources of extrane-
us error combined with a lack of adequate kinetic data demand

 further look at whether the impregnation of such high weight
oadings of Nafion on the catalyst particles in the catalyst layer of a
EMFC has an effect on the properties of Pt/C and in particular on
he hydrogen activation capability of Pt.

As a continuation of our previous work, where the funda-
ental effects of CO poisoning on hydrogen activation on Pt/C

atalysts were investigated utilizing the H2–D2 exchange reaction
7], research was carried out to investigate the interaction of Nafion
n the properties of Pt in a commercial Pt/C catalyst commonly
sed in fuel cells. In addition to general catalyst characterization
y BET, TEM, and static H2/CO chemisorption, experiments were
erformed utilizing the H2–D2 exchange reaction for kinetic mea-
urements of hydrogen activation in the presence of CO (a catalyst
oison). In the absence of CO, the exchange reaction was at equilib-
ium and kinetic measurements could not be made. A modified H2
o D2 switch procedure, H2–D2 switch with Ar purge (HDSAP), was
lso used to measure in situ the surface concentrations of hydro-
en and CO with time-on-stream (TOS). Furthermore, a structure
ensitive reaction, cyclopropane hydrogenolysis, was employed as

 characterization technique to magnify the obstructing effect, if
ny, of surface Pt sites by Nafion. All experimental results pre-
ented in this paper were obtained at conditions where reaction
quilibrium was not a contributing factor. In addition, unlike the
lectrochemical studies, all reaction results were obtained for the
atalysts exposed only to the gas-phase, where solution effects can
e ignored.

. Experimental

.1. Catalyst preparation

A commercial Pt fuel cell catalyst, nominal 20 wt% Pt supported
n carbon black (Pt/C), was purchased from BASF. It was  confirmed
y BASF that the carbon black support (Vulcan XC-72) was  pur-
hased in-bulk from Cabot Co. and used directly for the synthesis
f the Pt/C catalyst.

Nafion supported on Pt/C (Nfn-Pt/C) catalysts were prepared via
ncipient wetness impregnation of the commercial 20 wt% Pt/C with

 Nafion ionomer solution (LQ-1105, DuPont, 5 wt% Nafion) to give
 target weight loading of 30 wt% for the Nafion. The 30 wt% loading
f Nafion has been shown in the literature to be the optimum Nafion
ontent in a PEMFC catalyst layer [8–11]. The impregnated material
as dried at 90 ◦C overnight in a static air oven, crushed, and sieved

o obtain a particle size of 60–150 �m.  The catalyst was then stored
n the dark prior to use. Nominal Pt composition was confirmed via
lemental analysis (performed by Galbraith Laboratories) for both
t/C and Nfn-Pt/C.

In order to verify all the possible sources of surface hydrogen
n Nfn-Pt/C, to be discussed later, separate samples of Nfn-Pt/C

ere exchanged with either NaCl to neutralize the protonated sul-
onic sites (SO3

−–H+) or exposed to 5000 ppm NH3 gas to form
SO3

−–NH4
+). The Na+-form of Nfn-Pt/C was prepared by ion-

xchanging ca. 500 mg  of Nfn-Pt/C with 30 mL  of an aqueous
olution of 0.1 M NaCl under constant agitation at room tempera-

ure for 2 days. The duration of the exchange process was adequate
ue to the solution containing only Na+ ions. The exchanged sample
as then filtered and rinsed 5 times with warm (70–80 ◦C) deion-

zed water to remove excess solution. The resulting sample was
urces 196 (2011) 7957– 7966

dried overnight, crushed, sieved (60–150 �m),  and kept in the dark
prior to use. The NH4

+-form of Nfn-Pt/C was  obtained by exposing
the catalyst to 5000 ppm NH3 for 2 h after reduction in H2 at 80 ◦C
for 3 h. Due to the irreversible poisoning of Nafion by NH3 [12],
the high concentration of NH3 was  employed to ensure a fast and
complete conversion of all available sulfonic sites to the ammo-
nium form. As will be shown in Section 3.3,  no effect on the surface
hydrogen was observed from the treatment of Pt/C catalyst to NaCl
and/or NH3 gas using the same methodologies described.

2.2. Characterization methods

2.2.1. BET
BET surface area, pore size, and pore volume measurements

were carried out with a Micromeritics ASAP 2020. Samples of Pt/C
and Nfn-Pt/C were degassed under vacuum (10−3 mm Hg) at 110 ◦C
for 4 h prior to analysis. Results were obtained from N2 adsorption
isotherms at −196 ◦C.

2.2.2. Static H2/CO chemisorption
Chemisorption experiments using H2 and CO were performed

at 35 ◦C and 80 ◦C in a Micromeritics ASAP 2010 equipped with a
chemisorption controller station. Due to the structural instability
of Nafion at temperatures of 120 ◦C and above, catalysts were first
reduced in H2 at 80 ◦C for 3 h followed by an evacuation at 80 ◦C
(10−5 mm Hg) for another 3 h prior to the start of the analysis. Tem-
perature programmed reduction (TPR) results had shown the Pt to
be fully reduced at these conditions. After evacuation, the tempera-
ture was  then adjusted to the specified chemisorption temperature
and the H2 or CO isotherms were obtained from 50 to 450 mm Hg at
increments of 50 mm Hg. Volumetric uptakes of CO or H2 on the cat-
alysts were determined from the total adsorption isotherm of the
specified gas by extrapolating the higher pressure region of the total
isotherm, which was  linear, to zero pressure. These values were
then used in determining total Pt surface atom concentration (PtS)
and metal dispersion by assuming stoichiometric ratios of 1:1 for
CO:PtS and H:PtS. Correlation with TEM has shown that this permits
a reasonable estimation of metal particle size for Pt/C [7]. Calcula-
tion of average Pt particle size for Pt/C and Nfn-Pt/C were carried
out using the metal dispersion calculated from the chemisorption
results [7].

2.2.3. TEM and XRD
Transmission electron microscopy (TEM) images of Pt/C and

Nfn-Pt/C were obtained using a TEM-Hitachi 9500, which offers
300 kV high magnification TEM and is designed for atomic reso-
lution. Preparation of copper sample grids is explained in detail
elsewhere [7]. Approximate Pt particle sizes of the catalysts were
obtained by averaging diameters of 100+ particles from the TEM
images. The results were further confirmed via X-ray Diffraction
(XRD) (Scintag XDS 2000 powder diffractometer equipped with Cu
K� radiation) on as-received and reduced Pt/C and Nfn-Pt/C (80 ◦C
in H2 for 3 h) with a scanning range from 20◦ to 85◦ and a step-size
of 0.02◦ min−1.

2.2.4. Surface hydrogen concentration measurements
The method, H2–D2 switch with an Ar purge (HDSAP), was

developed in our previous work [7] for determining in situ hydro-
gen surface concentration on Pt. The use of HDSAP is preferred over
other surface concentration measurements, such as TPD, due to the
non-destructive nature of the methodology and its ability to obtain

TOS measurements. This is especially important for Nfn-Pt/C due
to the thermal instability of the polymer at temperatures higher
than 120 ◦C. Further explanation of the details and assumptions
regarding HDSAP can be found elsewhere [7].
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HDSAP measurements were initiated by flowing a gas mixture
omprised of H2/Ar (50:50) at 100 cm3 min−1 (sccm) for 30 min
exposure phase). The H2 was then turned off and 50 sccm of Ar
as passed through the differential, plug flow reactor for 30 min

r 50 min  (purge phase) for Pt/C or Nfn-Pt/C, respectively. This was
one to purge as much of the gas-phase or weakly adsorbed H2
rom the catalyst as possible. In the case of Nfn-Pt/C, a longer purge
ime was required due to the addition of high weight loadings of
afion (see Section 3.3). After the purge phase, a flow of 50 sccm
f D2 (along with the 50 sccm of Ar) was introduced to the cata-
yst, resulting in two mass spectrometer signals being observed for
ydrogen-containing species (H2 and HD). The amount of H2 and
D were calculated by integrating the area under the peaks (signal
s. time) and using the area obtained from a pulse of known quan-
ities of H2 and HD via a 6-port valve equipped with a 2 mL  sample
oop as calibration. Total surface concentration of hydrogen was
alculated by adding the amount of hydrogen (H) in H2 and HD, as
iven by the equation below:

urface H (�mol  g.cat−1) = �mol  HD g.cat−1

+ 2 × �mol  H2 g.cat−1 (1)

.2.5. Cyclopropane hydrogenolysis
In order to better determine whether or not the high weight

oading of Nafion was blocking surface Pt atoms via either physical
nd/or chemical interactions, a surface sensitive reaction, cyclo-
ropane hydrogenolysis, was performed on 1 mg  and 2.5 mg  of Pt/C
nd Nfn-Pt/C, respectively, at 30 ◦C and 1 atm utilizing a conven-
ional plug flow, micro-reactor system similar to the one described
n reference [7].  The catalyst was diluted uniformly with 39 mg  and
7.5 mg  of XC-72 for Pt/C and Nfn-Pt/C, respectively, to achieve

 catalyst bed of ca. 1 cm in thickness. Prior to reaction, catalysts
ere first reduced in 100 sccm of H2/Ar (50:50) for 3 h at 80 ◦C

nd 1 atm, after which the temperature was decreased from 80 ◦C
o 30 ◦C. Once the temperature was stable at 30 ◦C, reaction was
nitiated by flowing a gas mixture of C3H6:H2:Ar (1:49:150) (total
ow = 200 sccm) through the catalyst bed and allowing it to sta-
ilize for 5 min  before injecting the gas effluent into a Varian C
as chromatograph (GC) equipped with an FID detector for analy-
is. The FID was connected to a Restek RT-QPLOT column (30 m,
.53 mm ID), capable of separating C1–C7 hydrocarbons. Due to
he high activity of Pt for cyclopropane hydrogenolysis [13], low
mounts of catalysts and a low partial pressure of C3H6 in the feed
tream were required to achieve close to differential conditions
or kinetic analysis. Variation of space velocities or particle sizes
f the catalyst showed no change in reaction rate, indicating the
ack of external and internal mass transfer effects, respectively. The
pparent activation energy of cyclopropane hydrogenolysis on Pt/C
rom Arrhenius plots was found to be ca. 11.6 kcal mol−1, which
s well within the 8–12 kcal mol−1 range reported by Kahn et al.
14], and confirms, along with the linearity of the Arrhenius plot,
he absence of mass or heat transfer effects on the rate of reaction

easurements for Pt/C, the reference catalyst.

.3. H2–D2 exchange reaction

The H2–D2 exchange reaction was chosen as the model reaction
or the HOR primarily because both reactions share the same rate-
imiting step, the dissociative adsorption of hydrogen. Furthermore,
s shown by Ross and Stonehart [15], for the temperature range

f 30–80 ◦C, the first-order rate constants for H2–D2 exchange on
t and electrochemical hydrogen oxidation are in close agreement
ith each other. Thus, not only is the H2–D2 exchange reaction a

ood probe reaction for hydrogen activation, it is also a very good
urces 196 (2011) 7957– 7966 7959

model reaction for the electrocatalytic oxidation of hydrogen on Pt,
within the temperature range specified.

Using a conventional plug flow, micro-reactor system pressur-
ized at 2 atm, the catalyst samples were pretreated at 80 ◦C in
100 sccm of H2:Ar (50:50) gas mixture for 3 h. A detailed explana-
tion and drawing of the experimental apparatus used for reactions
involving H2–D2 exchange can be found elsewhere [7]. In order to
keep the amount of Pt constant for comparison purposes, H2–D2
exchange rate measurements were obtained with catalyst sam-
ples of 5 mg  Pt/C (having 17.5 wt% Pt) and 6.4 mg  Nfn-Pt/C (having
13.7 wt% Pt) mixed with 35 mg  and 33.6 mg  of XC-72, respectively,
to achieve a bed length of ca. 1 cm in thickness. Due to the high activ-
ity Pt exhibits for H2–D2 exchange, in addition to the low amounts
of catalyst used, exposure of the catalysts to 30 ppm CO was done
as a means to shift the exchange reaction away from equilibrium
and into differential conversion as preferred for kinetic analysis.

After pretreatment, a gas mixture of H2:Ar (50:50) containing
30 ppm CO was  flowed over the catalyst at 80 ◦C for 12 h to achieve
CO adsorption/desorption equilibrium such that no further change
in HD signal was  observed (steady-state). After achieving steady-
state, measurements of the apparent activation energies (Ea) were
started by flowing a reactant gas mixture at 80 ◦C and 2 atm com-
prised of H2:D2:Ar (25:25:50), still containing 30 ppm CO, over the
catalyst for 15 min, with the effluent gas (comprised of the reac-
tants H2 and D2, the product HD, and the inert Ar) being analyzed
online with a Pfeiffer Vacuum mass spectrometer (MS). To obtain
the MS  signals of H2 and D2 in the absence of the catalyst for the pur-
pose of calculating the exchange conversion, the flow was  switched
to reactor bypass for 5 min. The exchange conversion for H2 or D2
was obtained via Eq. (2) using the H2 (m/z = 2) and D2 (m/z = 4) MS
signals in the presence and absence of catalyst:

Conversion (%) = (H2 or D2 signal)No Cat. − (H2 or D2 signal)Cat.

(H2 or D2 signal)No Cat.
(2)

Under differential conditions, reaction rates were calculated by
multiplying the measured conversion with the initial molar flow
rate of hydrogen and dividing by the weight of Pt in the catalyst
bed.

In order to determine the apparent activation energy, Ea, the
temperature was  then decreased to 70 ◦C, where the conversion
was again obtained after reaching steady-state. This process was
repeated for 60 ◦C, 50 ◦C, 90 ◦C, and finally at 80 ◦C again. The rate
obtained at 80 ◦C at the beginning of the experiment was the same
as the rate measured at 80 ◦C at the end of the experiment indicat-
ing that no deactivation occurred during the rate measurements.
Similar to the cyclopropane hydrogenolysis experiments, variation
of space velocities or particle size of catalyst showed no change
in reaction rate, indicating the lack of external and internal mass
transfer effects, respectively. The apparent activation energy of
H2–D2 exchange on Pt/C, the reference catalyst, in the presence
of CO from Arrhenius plots was found to be ca. 20 kcal mol−1, the
expected value [7],  and confirms the absence of heat transfer effects
on the rate of reaction measurements.

3. Results and discussion

3.1. Catalyst characterization

3.1.1. BET
BET surface area, pore size, and pore volume results for the car-
bon support (XC-72) were 225 m2 g−1, 16.4 nm,  and 0.63 cm3 g−1,
respectively, which correspond very well with literature values
[16,17]. While the addition of Pt to the carbon support (performed
by BASF) did little to affect the average pore size (15.9 nm), reduc-
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results were obtained via XRD using the Debye–Scherrer equa-
tion and the full width at half maximum (FWHM) of the Pt(1 1 1)
diffraction peak for both Pt/C and Nfn-Pt/C (Fig. 3). Due to the rel-
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Fig. 1. Pore size distributions for XC-72, Pt/C, and Nfn-Pt/C.

ions in the BET surface area (to 170 m2 g−1) and pore volume
to 0.44 cm3 g−1) were observed. This indicates that significant
mounts of the Pt particles were likely situated in the pore structure
ather than the surface of the carbon support.

Impregnation of Pt/C with Nafion resulted in a reduction of BET
urface area and pore volume from 170 m2 g−1 and 0.44 cm3 g−1

o 38 m2 g−1 and 0.28 cm3 g−1, respectively, while increasing the
verage pore size to 32.7 nm.  Due to the fact that the majority of

 support’s surface area comes from its pore structure, this severe
eduction in BET surface area suggests a filling/blocking of many
f these pores by the Nafion, especially the smaller pores, while
he slight reduction in pore volume suggests that the larger pores,
hich contribute most to pore volume were relatively open. Fur-

her analysis of pore size distribution for XC-72, Pt/C, and Nfn-Pt/C
Fig. 1), based on the desorption differential distribution calculated
y the Barrett–Joyner–Halenda (BJH) method [18,19], confirms,
ore or less, a substantial filling/blocking of the smaller pores by
afion while the larger sized pores appears to be less significantly
locked.

.1.2. Elemental analysis
Elemental analysis results for Pt/C and Nfn-Pt/C from Galbraith

aboratories showed Pt loadings of 17.3 wt% and 13.7 wt%, respec-
ively, and sulfur contents of 0.5 wt% and 1.2 wt%, respectively. The
mount of sulfur obtained for Pt/C is similar to that of the carbon
upport (XC-72). While the residual sulfur (ca. 0.5 wt%) in the Pt/C is
ost likely due to the vulcanization process used in producing the

ctivated carbon support, the additional sulfur obtained for Nfn-
t/C (ca. 0.7 wt%) can be directly attributed to the sulfonic sites
resent in the polymer. Calculation of Nafion-loading based on the
ulfur content shows a Nafion content of ca. 22 wt%  and a sulfonic
ite concentration of ca. 231 �mol  H+–SO3

− per g of Nfn-Pt/C or
688 �mol  H+–SO3

− per g of Pt. Using 1.58 g cm−3 as the approxi-
ate density of Nafion [20] and the BET surface area obtained for

t/C (170 m2 g−1), rough calculations suggest that there is enough
afion in Nfn-Pt/C to produce an equivalent monolayer coverage of

he catalyst at least 1.5 nm in thickness. Analysis of EDX mapping
or Nfn-Pt/C showed the sulfur and fluorine contents to be evenly
istributed on the surface of the catalyst.

.1.3. Average particle size (TEM and XRD)
Analysis of TEM images indicated an even distribution of Pt par-

icles on the carbon support (XC-72) for both Pt/C (Fig. 2a) and
fn-Pt/C (Fig. 2b) catalysts. Average Pt particle sizes for the as-
eceived Pt/C and the as-prepared Nfn-Pt/C were determined to be
.6 ± 0.4 nm and 2.8 ± 0.5 nm,  respectively, indicating no apparent
hange in Pt particle size (within experimental error) during Nafion
oading. Exposure of Pt/C to H2 and H2/Ar at 80 ◦C for 24 h also had
Fig. 2. TEM images of (a) Pt/C and (b) Nfn-Pt/C.

no effect on its average particle size (TEM results not shown), sug-
gesting that the sintering process is extremely slow at 80 ◦C. Similar
2Theta (degree )
10 20 30 40 50 60 70 80 90

Fig. 3. XRD spectra of (a) Pt/C and (b) Nfn-Pt/C.
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Table 1
Static H2 and CO chemisorption results at 35 ◦C and 80 ◦C for Pt/C and Nfn-Pt/C.

Catalysta Adsorption gas Analysis temp. (◦C) Amount of CO/H adsorbedb (�mol  (g Pt)−1) Metal dispersion (%) Avg. Pt particle size (nm)c

Pt/C H2 35 1806 35 3.1
80 2063 40 2.7

CO  35 1669 33 3.3
80  1697 33 3.3

Nfn-Pt/C H2 35 1861 36 3.0
80  2160 42 2.6

CO 35 1452 28 3.9
80 1452 28 3.9
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Catalysts were pretreated in H2 at 80 C for 3 h.
b Experimental error for all results was ca. ±5%.
c Avg. Pt particle size calculated from: Avg. Pt particle size (nm) = 1.08

metal dispersion , a

tively small signal/noise ratio (S/N ∼ 4), average Pt particle sizes
rom the XRD spectra were able to be determined to be ca. 3 nm
or both catalysts, similar to the TEM results considering the dif-
culty of detecting Pt particles <3 nm using Cu K� radiation. The
RD spectra also illustrate the lack of difference in the crystalline
tructure of Pt between Pt/C and Nfn-Pt/C. From left to right, 2�
alues of 25◦, 40◦, 46◦, 68◦, and 81◦ in Fig. 3 correspond to diffrac-
ions of graphite(0 0 2), Pt(1 1 1), Pt(2 0 0), Pt(2 2 0), and Pt(3 1 1),
espectively [21,22]. Thus, results from both TEM and XRD appear
o suggest an average Pt particle size of approximately 2.6–2.8 nm
or both catalysts.

.1.4. Static H2 and CO chemisorption
Due to differing Pt loadings for Pt/C and Nfn-Pt/C, static

hemisorption results were scaled to “per g of Pt” rather than “per
 of catalyst” in order for a valid comparison. Similar to the static
hemisorption results reported for Pt/C in our previous work [7],  an
ncrease in the amount of hydrogen uptake was  observed for both
t/C and Nfn-Pt/C when the analysis temperature was increased
rom 35 ◦C to 80 ◦C (Table 1), which can be directly attributed to
ydrogen spillover onto the carbon support [22]. Surprisingly, the
mounts of hydrogen uptake (on a Pt basis) for both Pt/C and Nfn-
t/C were identical, within experimental error. Even the effect of
nalysis temperature on hydrogen spillover was roughly the same
or both catalysts, suggesting that Nafion did not inhibit the hydro-
en adsorption capability of Pt through either physical blocking or
hemical interactions, even though such a large amount of Nafion
as present. While some of the Pt may  exist in the smaller sized
ores of the carbon support, based on the severe loss of pores with
ore sizes of 20 nm and below between Nfn-Pt/C and Pt/C (Fig. 1)
nd the lack of an inhibition effect by the Nafion for the adsorption
f H2 mentioned above, it can be speculated that the majority of the
t particles are most likely not in the smaller sized pores (≤20 nm).

As expected, an increase in the analysis temperature had no
ffect on the amount of CO uptake because CO does not spill over
nto the carbon support at these temperatures. However, lower
mounts of CO uptake than hydrogen (in atoms) were observed for
he same catalyst. For Pt/C, the difference between hydrogen and CO
ptake can be explained by the existence of both linear and bridge-
onded CO on Pt, as shown by DRIFTS results in our previous work
7],  such that the overall stoichiometry of CO:PtS is actually less
han 1. The addition of Nafion to Pt/C resulted in a somewhat lower
O uptake than for Pt/C alone. While it may  have been possible that
he presence of Nafion has an effect on the interaction of CO with Pt
uch that the amount of linear and bridge-bonded CO on Pt for Nfn-
t/C was different than that for Pt/C, due to the partial blocking of
ores by the Nafion, evidenced by the pore size distribution (Fig. 1),

nd the similarity between critical diameters of N2 and CO (3.0 Å vs.
.8 Å, respectively), the difference in CO uptake between Pt/C and
fn-Pt/C may  more likely to have been due to Nafion preventing CO

rom reaching some of the Pt surface. This blockage may  not have
ing CO/Pts = 1 and H/Pts = 1 [45].

been observed for hydrogen perhaps because the critical diameter,
defined as the “diameter of a cylinder which can circumscribe the
molecule in its most favorable equilibrium conformation” [23], for
hydrogen is 2.4 Å whereas the critical diameter for CO is 2.8 Å. Thus,
the larger sized CO molecule may  have been obstructed by Nafion
from reaching Pt particle surfaces in places where the smaller sized
hydrogen molecule would have no problem. Based on the signifi-
cant reduction in BET surface area from Pt/C to Nfn-Pt/C and the fact
that N2 molecules have a critical diameter of 3.0 Å, similar to that of
CO, a comparable reduction in CO uptake should have occurred for
Nfn-Pt/C if Pt particles were evenly distributed in the pore structure
of the carbon support. However, the actual slight reduction in CO
uptake for Nfn-Pt/C reaffirms the earlier hypothesis that the major-
ity of the Pt particles are most likely not situated in the smaller
pores (≤20 nm)  of the carbon structure. In other words, the smaller
Nafion-filled/blocked pores that blocked N2 molecules from getting
through also blocked CO molecules; however, because there were
probably few or no Pt particles in those smaller pores, the amount of
CO uptake measured by static chemisorption was not significantly
reduced.

It should be noted that the physical characteristics of a catalyst
can vary depending on the precursor used, method of prepara-
tion, treatment conditions, type of support, etc. For example, pore
volume distributions of various carbon supports prepared via the
oil-furnace or acetylene process [24] show that the majority of the
pore diameters were less than 10 nm.  The reason for such small pore
diameters is most likely due to the fact that the carbon particles
themselves ranged from 10 to 40 nm in diameter, whereas the size
of carbon particles used in this study were ca. 60–150 �m in diam-
eter. Thus, when comparing the physical characteristics between
catalysts, all variables, such as the ones mentioned above, must be
taken into consideration.

3.2. H2–D2 exchange reaction

Apparent activation energy (Ea) measurements for H2–D2
exchange reaction on Pt cannot be obtained in the absence of a
catalyst poison due to the reaction being limited by equilibrium at
the experimental conditions used in this study, even for very small
quantities of catalysts. Therefore, prior to the gathering of kinetic
data, catalysts were exposed to 30 ppm of CO to partially cover the
Pt surface (�CO ≈ 0.71 monolayer) and to shift the reaction away
from equilibrium. All results reported in this section were obtained
after the adsorption–desorption of CO had reached steady-state.

Similar to the results presented in our previous study [7],
exposure of Pt/C to the CO resulted in an apparent Ea of
20.3 ± 0.5 kcal mol−1 for the poisoned Pt surface compared to an

apparent Ea of 4.5–5.4 kcal mol−1 reported for an unpoisoned Pt
surface [21,25]. Similarly, exposure of Nfn-Pt/C to 30 ppm CO
resulted in an apparent Ea of ca. 21.5 ± 1.0 kcal mol−1. No dif-
ference was  observed in the rate of HD formation from H2–D2
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xchange for Pt/C [1080 ± 50 �mol  HD (g Pt)−1 s−1] and Nfn-Pt/C
1065 ± 63 �mol  HD (g Pt)−1 s−1], both in the presence of 30 ppm
O. This similarity in both apparent activation energy and reaction
ate between the two catalysts reaffirms that the Pt particles are
ost likely in the larger pore structures of the carbon support and

hat the Nafion does not appear to be inhibiting the adsorption of
ither hydrogen or CO on the Pt surface via any physical and/or
hemical interactions.

.3. In situ TOS surface hydrogen concentration via HDSAP

Due to the extremely fast reaction rate of H2–D2 exchange in
he presence of Pt, any amount of hydrogen trapped either in the
ores of the support or in the Nafion clusters at the onset of the
2 switch during HDSAP would cause an overestimation in the
ydrogen surface concentration measurement. Thus, while a purge
ime of 30 min  was enough to remove most of the excess hydrogen
rapped in the pores of Pt/C [7],  the same amount of time might not
e sufficient due to the presence of Nafion on the catalyst.

Fig. 4 shows the amount of hydrogen surface concentration as a
unction of purge time used for HDSAP measurements. Total surface
oncentration of hydrogen was calculated via Eq. (1) by measuring
he amount of HD and H2 formed at the onset of the D2 switch.
s can be observed from the figure, a 30 min  purge time with Ar

or Pt/C, prior to the introduction of D2, yields a hydrogen surface
oncentration similar to that from static hydrogen chemisorption
n Pt/C at 80 ◦C. This result suggests that for Pt/C, a purge time
f 30 min  is sufficient to remove most of the excess hydrogen in
he pores of Pt/C without affecting the strongly adsorbed hydrogen
ssociated with Pt (H-Pt). However, in order for the hydrogen sur-
ace concentration for Nfn-Pt/C to be similar to the theoretical total
mount of exchangeable surface H, which is the sum of static hydro-
en chemisorption at 80 ◦C [H-Pt ≈ 2160 �mol  H (g Pt)−1] and the
oncentration of sulfonic sites in the Nafion [SO3

−–H+ ≈ 1688 �mol
 (g Pt)−1], a purge time of 50 min  is required. This increase in purge

ime required was also observed for samples of Nfn-Pt/C exposed
o NH3 (gas), which increased the amount of exchangeable surface
ydrogen from Nafion from 1 hydrogen atom per sulfonic site to 4
ydrogen atoms due to the formation of SO3

−–NH4
+. In contrast,

xposure of Pt/C to NH3 (gas) prior to HDSAP showed a negligible
ffect on the surface hydrogen concentration. A likely reason for
he difference in HDSAP purge times required between Pt/C and
fn-Pt/C may  be due to the Nafion clusters acting as a barrier to

he diffusion of gas-phase H2 away from the catalyst, as suggested

arlier. Thus, a purge time of 50 min  was chosen for surface hydro-
en measurements for Nfn-Pt/C. Increase in purge time appeared
o have a negligible effect on the removal of H+ from the sulfonic
ites during the Ar purge.
Fig. 5. Effect of sulfonic sites exchanged with Na+ ions on hydrogen surface concen-
tration on Nfn-Pt/C.

In order to verify whether the excess hydrogen is indeed from
the sulfonic sites in the Nafion, separate samples of Nfn-Pt/C were
poisoned by ion-exchanging the H+ cations with a non-proton con-
taining cation, Na+. From these results, poisoning of sulfonic sites
with Na+ cations (Fig. 5) significantly decreased the hydrogen sur-
face concentration from Na+-Nfn-Pt/C compared to Nfn-Pt/C, giving
values close to those of Pt/C. The slightly higher surface hydrogen
concentration found for Na+-Nfn-Pt/C than for Pt/C is due to a por-
tion of the sulfonic sites being not fully exchanged with Na+ but
still being in the protonated form (H+/Na+-Nfn-Pt/C). Exposure of
H+/Na+-Nfn-Pt/C to NH3 (gas) resulted in the conversion of just
the protonated sulfonic sites to the ammonium form (NH4

+/Na+-
Nfn-Pt/C); calculations from the results suggest that ca. 4.5 out of
5.5 sulfonic sites had been poisoned with Na+. The Pt/C catalyst
treated with NaCl in an identical fashion yielded surface hydro-
gen concentration results similar to those of untreated Pt/C, which
confirmed that the Na+ was  associated only with the Nafion. The
poisoning results involving NH3 and Na+ clearly show the excess
surface hydrogen concentration measured for H+/Nfn-Pt/C to be
from the protonated sulfonic sites in the Nafion. In addition, these
results also confirm the rapid transport of protons from the sur-
face Pt atoms to nearby Nafion clusters and vice versa, which is
the desired intent of having such a high weight loading of Nafion.
Thus, contrary to the previous idea that contact must be maintained
between the Pt particles and the polymer electrolyte in order for
proton transport to take place [24,26], surface diffusion of protons
on the carbon support, while slower than on Pt [27], appears to be
adequate for the reaction. The poisoning of the sulfonic sites by NH3
did not appear to have an effect on this transport process (where D
exchanges with NH4

+).

3.4. Effect of Nafion on the surface coverage of ppm CO in H2 on Pt

Possible effects of Nafion on the surface coverage of CO on Pt
from ppm quantities of CO in H2 were investigated indirectly via
hydrogen surface concentration measurements. Similar to the CO
surface coverage experiments performed on Pt/C in our previous
work [7],  TOS measurements of hydrogen surface concentration
were measured for both Pt/C and Nfn-Pt/C over a 24 h period of
exposure to 30 ppm CO in H2.

The poisoning behavior of 30 ppm CO on Pt/C in terms of surface
hydrogen concentration was analogous to the results presented in
our previous study [7].  Surface coverage of Pt by CO for the Pt/C

catalyst here was  calculated to be ca. 0.71 monolayer (ML). The
difference between the CO surface coverage of 0.71 ML  measured
for the current batch of Pt/C and the 0.54 ML  for the batch used
in our previous study under identical conditions were likely due
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o slight differences in the preparation method by BASF for the
ifferent batches of Pt/C, thus changing the innate properties of
he catalyst somewhat. Regardless, the measured CO surface cov-
rage of 0.71 ML  is similar to the 0.5–0.7 ML  coverage range of
O observed on Pt(1 1 1) over the pressure range (PCO) of 10−6 to
60 Torr at room temperature found via high pressure scanning
unneling microscopy (HP STM) and confirmed with calculations
sing density functional theory (DFT) [28–30].

From Fig. 6, the poisoning behavior of 30 ppm CO on Nfn-Pt/C,
fter adjusting for the excess surface hydrogen from the sulfonic
ites in Nafion, is similar to that for Pt/C. The hydrogen surface con-
entration for Nfn-Pt/C, after 24 h of exposure to 30 ppm of CO,
as somewhat higher than that for Pt/C, 660 �mol  H (g Pt)−1 vs.

70 �mol  H (g Pt)−1, respectively. Upon closer inspection, it can be
bserved that the addition of Nafion resulted in an apparent slightly
lower approach to steady-state than for Pt/C at the same concen-
ration of CO, which may  account for the difference in the surface
ydrogen measured. While this may  be argued to be related to the

onger purge time required for HDSAP measurements for Nfn-Pt/C
ersus for Pt/C, the more likely possibility is that of the large Nafion
lusters interfering with the rate at which CO reaches the surface Pt
toms as it was confirmed that the increase in required purge time
etween Pt/C and Nfn-Pt/C did not have an effect on the surface
overage of strongly-bound CO. Thus, the hydrogen surface con-
entration for Nfn-Pt/C was most likely not at steady-state at 24 h,
nd further exposure of Nfn-Pt/C to CO would have resulted in a
ydrogen surface concentration even more similar to that of Pt/C.
egardless, the CO surface coverage for Nfn-Pt/C and for Pt/C after
4 h of exposure is the same (0.69 vs. 0.71, respectively), within
xperimental error. The CO surface coverage results show that the
afion does not, in general, appear to affect significantly the adsorp-

ion of CO on Pt at steady state. Similar to effect Nafion has on the
ate of diffusion of CO, the slightly lower CO uptake observed for
fn-Pt/C, compared to Pt/C, from static chemisorption results is
ostly likely due to the system not being perfectly at equilibrium

i.e., the equilibration interval was too low for Nfn-Pt/C).

.5. Effect of Nafion on the activity of Pt/C for cyclopropane
ydrogenolysis

Up until this point, the presence of such a high weight load-
ng of Nafion has appeared to have a lack of effect on the activity
f Pt for the adsorption of hydrogen and CO, which is extremely
urprising considering the significant reduction in BET surface area

rom the impregnation of the Nafion and the large amount of Nafion
resent. Even if the majority of the surface Pt resided in the larger
ore structures of the carbon support, one would think that the
resence of such a large amount of Nafion would have at least
urces 196 (2011) 7957– 7966 7963

some effect on the Pt via physical and/or chemical interactions.
Because the results given so far have all involved the activation of
hydrogen in one form or another, this apparent lack of effect from
the Nafion may  be due to the fast kinetics of hydrogen diffusion
and activation and the structure insensitive characteristic of activa-
tion. To probe this issue further, a more structure sensitive reaction
was employed to provide further insight. Use of a “demanding” or
“structure sensitive” reaction is often very useful for investigating
metal dispersion and metal decoration effects on specific activity
in heterogeneous catalysts [31]. One should understand that the
term “structure sensitivity” entails not just an effect of metal parti-
cle size on the observed rate or turn-over-frequency of the reaction;
rather the reaction rate of a structure sensitive reaction depends on
the coordination number of the active metal surface atoms and/or
the number of contiguous metal surface atoms (site ensemble size)
required for reaction to occur. Thus, as the name implies, these
structure sensitive reactions are sensitive to changes in the surface
structure of the catalyst and the availability of the surface atoms.

For this study, the hydrogenolysis of cyclopropane was chosen
as a structure sensitive reaction mainly due to its lower reac-
tion temperature requirement for Pt-based catalysts (0–80 ◦C [32]).
Other structure sensitive reactions, such as ethane hydrogenoly-
sis, require operating temperatures in excess of 300 ◦C and above
[33,34], which is problematic for the catalysts employed due to
Nafion degradation at temperatures above 120 ◦C. In addition, at
temperatures below 150 ◦C, only one product (propane) is formed
from the reaction of cyclopropane with hydrogen over Pt catalysts,
which greatly simplifies analysis [14,35]. While there exists differ-
ing opinions as to whether hydrogenolysis of cyclopropane over
Pt catalysts is structure sensitive [13,36,37] or structure insensi-
tive [14,35,38,39],  results from a recent investigation [40] using
K+-modified Pt/C catalysts confirm the reaction to be structure sen-
sitive.

Reaction rate measurements were obtained using small
amounts of catalyst (1.0–2.5 mg), low reaction temperature (30 ◦C),
and low concentration of reactants (0.05 atm C3H6 and 0.25 atm
H2), to ensure differential reaction conditions. In order to com-
pare the rates, given the different wt% of Pt before and after
loading Nafion, rates were calculated on a per weight Pt basis.
Observed rates were calculated to be 557 �mol C3H8 (g Pt)−1 s−1

and 373 �mol C3H8 (g Pt)−1 s−1 for Pt/C and Nfn-Pt/C, respectively.
Furthermore, determination of Ea from Arrhenius plots show the
value for Nfn-Pt/C (5.4 kcal mol−1) to be almost exactly half that
of Pt/C (11.6 kcal mol−1). This difference in Ea, where the mea-
sured (Nfn-Pt/C) is ca. half that of the intrinsic (Pt/C), is a very
strong indication for the possibility of internal diffusion limitations,
such that the reaction rate is shifted from being reaction-limited
to diffusion-limited. Because Ea is an average value, interactions
between Nafion and Pt, such as preferential blocking of specific Pt
surface atoms and/or electronic effects where the surface binding
energies of species are different, may  also have a similar effect in
shifting the value of Ea measured. However, since there exists no
evidence thus far from all previous results suggesting that such an
interaction exists, especially to the degree of reducing the values of
Ea (measured for Pt/C) by half, the possibility of internal diffusion
limitations caused by the Nafion will be discussed.

In this case, because no signs of internal diffusion limitations
are evident for Pt/C, it can only be concluded that the presence of
internal diffusion limitations observed for Nfn-Pt/C is due to the
Nafion. Based on previously mentioned evidence suggesting that
the majority of the Pt appears to be in the larger pore structures
(>30 nm)  of the carbon support and the lack of evidence suggesting

the filling of these pores by the Nafion (i.e., only a subtle decrease in
pore size distribution based on pore volume, Fig. 1), it can be pro-
posed that the main cause of internal diffusion limitations observed
for Nfn-Pt/C is probably due to the partial blocking of pore openings
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y the polymer, such that the diameter of the entrance into a pore
ı) is smaller than the diameter of the pore (d) itself (as illustrated
n Fig. 7).

Theoretical modeling of the effect of ı on the Ea was  performed
sing a single one-dimensional ideal cylindrical pore with a length
f L1 and a diameter of d; factors such as tortuosity, pore porosity,
nd constriction factor were all assumed to be unity. Using a similar
cenario depicted by El-Kady and Mann [41] in their work regarding
he deactivation of catalyst due to pore-mouth plugging from coke
eposition, the Nafion was assumed to form a membrane as an

mpenetrable barrier of thickness L2 with an opening to the pore
f diameter ı. Assuming a first-order irreversible reaction, which
s a reasonable assumption for cyclopropane hydrogenolysis in the
resence of a large excess of hydrogen [32], at steady-state, the
ass-balance (in dimensionless form) for species A in the system

s (Eqs. (3) and (4)):

n membrane :
d2C2

d�2
= 0 (3)

n the pore :
d2C1

d�2
−

(
4kL2

dDe,1

)
C1 = 0 (4)

ith the following dimensionless variables:

 = x

L
, C1 = CA,1

CA,o
, C2 = CA,2

CA,o
(5)

These conservation of mass equations are derived based on
ick’s law for dilute solutions and can be found in any transport-
elated textbook [42]. The variable L is the total length of the system
nd is the sum of L1 and L2, CA,o is the bulk concentration of species

 outside of the pore, De,1 is the effective diffusivity inside the pore,
A,1 and CA,2 are the concentration of species A in the pore and mem-
rane, respectively. Boundary conditions used to solve the above
ifferential equations are:

t � = 0 (end of the pore) :
dC1

d�
= 0 (6)

t � = 1 : C2 = ˚2 (7)
t � = L1

L
= �1 (interface between membrane and pore)  :

˚C1 = C2, where  ̊ = ˚2

˚1
(8)
urces 196 (2011) 7957– 7966

At � = L1

L
= �1 : D

dC1

d�
= dC2

d�
, where D = De,1

De,2
(9)

where De,2 is the effective diffusivity in the membrane, ˚1 and ˚2
are the partition coefficients for the pore and membrane respec-
tively. The partition coefficient  ̊ is the ratio of available volume to
the void volume and is dependent on the molecular properties of
the solute. So, for cyclopropane, which has a critical diameter of ca.
4.9 Å or 0.49 nm,  the partition coefficients for the membrane and
pore are calculated by:

Membrane : ˚1 =
(

1 − 0.49 nm
ı

)2
(10)

Pore : ˚2 =
(

1 − 0.49 nm
d

)2
(11)

The effective diffusivities De,1 and De,2 are defined as:

De,1 = ε1�1DK,1

�1
and De,2 = ε2�2DK,2

�2
(12)

For both pore and membrane, the parameters: constriction fac-
tor (�) and tortuosity (�) are all assumed to be unity. The porosity
for the ideal pore (ε1) is also assumed to be unity while the poros-
ity for the membrane (ε2) is the ratio of the open area to the total
area of the pore. The terms DK,1 and DK,2 are the Knudsen diffu-
sion coefficients for the pore and membrane, respectively, and were
calculated as follows:

DK,1 = d

3

√
8RT

�M
and DK,2 = ı

3

√
8RT

�M
(13)

where R is the gas constant, T is temperature, and M is the molecular
weight of the solute. Solving for C2 and C1 from the differential
Eqs. (3) and (4) via the boundary conditions Eqs. (6)–(9) yields the
following solutions:

In the membrane : C2 = ˚2 − ˛2(1 − �) (14)

In the pore : C1 = ˛1 cosh(	�) (15)

where

˛1 = ˚2

 ̊ cosh(	�1) + D	 sinh(	�1)(1 − �1)
(16)

˛2 = D˛1	 sinh(	�1) (17)

	 = L

√
4k

dDe,1
(18)

Approximation of average pore radius and pore length based on
BET surface area, pore volume, gross volume of catalyst particle, and
external surface area obtained for Pt/C show values of ca. 5 nm and
20 �m,  respectively. The Arrhenius plot of the rate resulting from
the concentration in the pore (C1) is plotted in Fig. 8 with varying
values for the diameter of the opening in the membrane.

It can be observed from Fig. 8 that in the case where opening in
the membrane is equal to pore diameter (i.e., ı = d = 10 nm), the the-
oretical Ea is the intrinsic value and no evidence of internal diffusion
limitations exists. As the value of ı decreases, the concentration in
the pore (C1) and the resulting Ea does not start to be affected until
ı is as low as 0.7 nm.  Further decreases in ı beyond that point shifts
the theoretical Ea farther from its intrinsic value of 11.5 kcal mol−1,
until finally, at a value of 0.5 nm,  the ı was  so small that almost
no solute, in this case cyclopropane with a critical diameter of ca.
0.49 nm,  is able to diffuse into the pore, thus yielding an Ea close to

zero. It should be noted that for all values of ı, the concentration
gradient, at steady-state, remained relatively constant throughout
the pore. Even at a ı value of 0.55 nm,  where the Ea showed clear dif-
fusion limitations, the steady-state concentration of cyclopropane
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ig. 8. Effect of membrane opening on Ea for cyclopropane hydrogenolysis on Pt/C
sing an idealized cylindrical pore model with the pore mouth partially covered by

 (Nafion) membrane.

n the pore was ca. a factor 0.6 that of the bulk and varied no more
han 0.02% from one end of the pore to the other. This lack of a con-
entration gradient in the pore is counterintuitive for a supposedly
iffusion-influenced reaction. But this is just because most people
re used to the effect of decreasing diameter of the pore. The real
iffusion barrier is the membrane in the current case. It is impor-
ant to note that the model is based upon a simple mass-balance
nd does not take into account wall effects and other electronic
nteractions on diffusion. In the presence of these effects, the effect
f membrane diameter may  be even larger.

Increases in the number of openings in the membrane also
ncrease the calculated Ea for the same opening diameter. For
xample, if there exists 5 openings in the membrane each with

 = 0.55 nm,  the calculated Ea would increase from 6.3 kcal mol−1

only 1 opening) to 9.8 kcal mol−1 and the calculated Ea for
 = 0.52 nm would increase from 2.8 kcal mol−1 to 6.8 kcal mol−1.
owever, because the model does not take into account wall effects
nd other electronic interactions, no definite conclusions can be
ade regarding this change.
Attempts were made to obtain actual cross-sectional spectra

f a Nfn-Pt/C catalyst particle via both SEM/EDX and TEM/EDX by
mbedding the catalyst particles in a resin. The dried resin was then
ither cut/polished for SEM/EDX analysis or sectioned via micro-
one for TEM/EDX analysis. Results from both methods proved to
e inconclusive due mostly to the lack of penetration of the resin

nto the carbon support. The fragile nature of the carbon also proved
o be troublesome.

Based on these and all previous results, it can be concluded
hat the effect of Nafion on Pt/C for cyclopropane hydrogenolysis
ppears to be limited to the induction of internal diffusion limita-
ions by virtue of decreasing the effective diameter of the openings
f the pores in the carbon support. The similar values of Ea observed
or H2–D2 exchange reaction on both catalysts, poisoned with ppm
O, suggests that either the openings of the pores or the open-
ngs in the Nafion structure itself overlaying the pores were wide
nough so that hydrogen diffusion was not affected. No blocking
f Pt surface atoms by the Nafion via either physical and/or chem-
cal interactions was observed. It is important to note that while
urces 196 (2011) 7957– 7966 7965

the Nafion in this study was in the dry or unswelled state. Due to
the apparent lack of interactions between the polymer and Pt sur-
face and the minimal impact water vapor has for H2 adsorption and
activation on Pt/C [43], the effect that humidity would have on the
this Nafion-Pt system of this study should also be minimal.

4. Conclusions

While the impregnation of 30 wt% Nafion on Pt/C had dramatic
effects on the physical characteristics of Pt/C, such as the reduction
of BET surface area from 170 m2 g cat−1 to 37 m2 g cat−1, the overall
effect of the Nafion on the adsorption capabilities of Pt for hydrogen
and CO were minimal, based on both static chemisorption and in-
situ surface hydrogen concentration results. Likewise, the similar
rates of H2–D2 exchange for Pt/C and Nfn-Pt/C poisoned with ppm
CO suggests that the effect of Nafion on the poisoning behavior of
CO on the reaction is also minimal. However, for cyclopropane, a
molecule larger than CO, a clear decrease in the rate of hydrogenoly-
sis was  observed in going from Pt/C to Nfn-Pt/C. While this decrease
might be thought to be attributable to the blocking of Pt surface
atoms by Nafion, due to the lack of evidence suggesting such an
interaction exists from static chemisorption, H2–D2 exchange and
hydrogen surface concentration results, the decrease in reaction
rate is most likely due to internal diffusion limitations caused by
the Nafion. Results from the modeling of a membrane (the Nafion
in this case) over an idealized cylindrical pore show the effect of
decreasing the size of the membrane opening, while keeping the
pore diameter constant, to effectively decrease the value of Ea as
a result of diffusion limitations through the membrane but not in
the pore. In contrast, the similar values of Ea observed for H2–D2
exchange reaction on both Pt/C and Nfn-Pt/C suggests that the
smaller effective pore openings in Nfn-Pt/C were not small enough
to affect the smaller hydrogen molecules, as compared to cyclo-
propane. No blockage of Pt surface atoms by the Nafion via either
physical and/or chemical interactions was observed. Based on all
the measurements made, it appears that most of the Nafion is prob-
ably on the external surface of the carbon support, where it blocks
micro pores significantly and partially blocks meso–macropores.
Most of the Pt particles appear to reside in the meso–macropores.

Results from hydrogen surface concentration measurements on
Pt/C and Nfn-Pt/C using H2–D2 exchange suggest a rapid diffusion
of hydrogen and deuterium across the carbon surface at 80 ◦C. The
increase in the amount of total exchangeable hydrogen going from
Pt/C to Nfn-Pt/C was confirmed to be from the protonated sulfonic
sites in the Nafion. It should be noted that while contact between
the polymer and Pt particles is not required for proton transport,
recent results from a new evaluation method for the effectiveness
of Pt/C electrocatalysts clearly show the benefits of ionic contact in
improving the apparent utilization of available Pt [44].
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