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ABSTRACT

Gaining an insight into the interface structure resulting from the interaction between metal
nanoparticles and their supports, particularly under relevant reaction conditions, has been an
important topic in heterogeneous catalysis and materials science. In this contribution, the active
sites and interfaces of Pt subnanocrystals supported on carbon nanofibers (CNFs) are
investigated and visualized at the atomic level by highly integrated XANES, EXAFS, and
molecular dynamics (MD) simulations based on a reactive force field. Experimental and
theoretical results indicate that the surface structure of the CNFs is one of the key parameters that
govern the metal-support interface structure, which in turn determines the metal-support
interaction strength and the structural properties of Pt clusters, including cluster size, Pt
coordination number, and Pt-Pt bond length. Owing to the strong interaction between Pt and
CNFs, sub-nanometer-sized Pt clusters are stabilized on CNFs. The Pt-Pt coordination number
determined from EXAFS suggests Pt clusters of ~ 1 nm in size are deposited on platelet-type
CNFs (p-CNFs) while clusters smaller than 0.6 nm are supported on fishbone-type CNFs (f-
CNFs). The catalysts exhibit high selectivity toward CO oxidation at relatively low temperatures
in the presence of Hz, and their activity is related to the Pt coordination number and Pt-Pt bond
length. The Pt clusters on the p-CNFs with relatively high coordination number has much higher
activity than those on f-CNFs. The combined EXAFS analysis and MD simulations provide a
better understanding of the catalyst properties at the atomic level and pave the way to use the
CNF structure as a platform to tune the Pt particle size and metal activity through manipulating

the metal-support interaction.
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1. Introduction

Metal-support interaction has long been recognized as a vital factor in determining metal
reactivity in heterogeneous catalysis. However, control of the metal-support interaction has only
achieved limited success due to the complexity in its physical nature. Thanks to the progress in
controllable synthesis of carbon nanofibers (CNFs) and their tunable surface structures with
different graphene sheet orientations with respect to the principal axis,! CNFs have been used as
a platform to tune the metal reactivity through manipulating the metal-support interaction.”” It
has been reported that the surface structures of CNFs can significantly influence the activity and
selectivity of supported Pt nanoparticles in proton exchange membrane (PEM) fuel cells,®
dehydrogenation,” and hydrogen oxidation reactions.® For instance, traces of CO in H, are known
to poison the anode reaction in fuel cells and, consequently, preferential oxidation of CO in H»-
rich stream is of crucial importance for fuel cell catalysts. In this regard, the orientation of
graphene sheets and the presence of oxygenated groups on the CNF surfaces prove to have a
significant effect on the adsorption behavior of CO (and hence the CO oxidation activity) on the
Pt nanoparticles.® Therefore, a better understanding of the microstructures of the metal-CNF
interfaces is essential to the improvement of our ability to tailor the metal-support interaction to
better catalyst activity, selectivity, and stability. It relies not only on advanced synthesis of the
CNF-supported catalysts with well-controlled support structures and well-defined metal particle
sizes and shapes, but also on detailed characterization of the interface.

Most of the CNF-supported catalysts are characterized by temperature-programmed oxidation
(TPO), chemisorption measurements, and transmission electron microscopy (TEM). Due to the
limitation in resolution in particular images, the determination of metal particle size smaller than

2 nm from TEM results is a challenge.” On the other hand, extended X-ray absorption fine



structure (EXAFS) is a method that gives element-specific information about the local
environment, which can provide new insight into the metal-CNF interface and accurately
determine the particle size of sub-nanometer Pt clusters from the derived coordination number.
So far, however, only a few such studies have been reported. For [Pd(NH3)4]*" deposited on CNF
by ion-exchange, EXAFS analysis revealed a significant metal-CNF interaction both before and
after reduction, where the Pd complex was found to be stabilized by the carboxylic groups on the
surface as well as the m-system of the support.!” In another study, EXAFS results of CNF-
supported Pt catalysts prepared by deposition-precipitation indicated that each interfacial Pt atom
has four carbon neighbors and is bonded to two adjacent layers of armchair or zigzag
arrangements.'!! By contrast, each Pt atom at the Pt-Vulcan carbon interface was found to have
six carbon neighbors, which was explained by the adsorption of Pt on a basal plane site.!!
Despite these studies, knowledge and understanding of the fine structures of the metal-CNF
interface and how the interface structure could affect the geometrical and electronic structures of
supported metal particles is still very limited. It has been suggested that successful solutions to
these nanostructure problems will involve a “complex modeling” paradigm that combines theory
and experiment in a self-consistent computational framework.'?

Molecular dynamics (MD) simulation based on reactive force fields proves to be a powerful
technique that is capable of providing detailed insight into the interaction between metal
nanoparticles and supports at an atomic level. Sanz-Navarro et al. deposited Pt and Ni
nanoparticles of about 100 atoms on the edge and basal planes of both p-CNFs and f-CNFs,
exploring the metal-support interactions by MD simulations based on a bond-order force field.'*-
15 Because of the strong interaction between the Pt nanoparticles and CNFs, the Pt-Pt bonds on

the supported Pt nanoparticles are elongated and a significant cluster reconstruction was



observed. More recently, MD simulations were carried out using the same force fields to
examine the effect of the variable morphologies of f-CNFs on the microstructure of supported
Ptygo clusters.'® The cone-helix f-CNF models with different basal-to-edge surface area ratios and
edge plane terminations were constructed. It was found that the Pt atoms at the Pt-CNF interface
prefer to be bonded to basal planes as the apex angle is decreased or hydrogen termination is
introduced. Simultaneously, both the binding energies of the Ptigo clusters to the f-CNFs and the
degree of Pt cluster reconstruction are lowered. In contrast, if more CNF edge planes are exposed,
a higher Pt dispersion, lower first-shell Pt-Pt coordination numbers, and longer Pt-Pt surface
bonds are attained, which arise from a stronger Pt-CNF interaction.

Given the atomic-level structural information provided by EXAFS analysis and MD simulation,
the interplay between these two techniques makes it possible to reproduce the interface structure
of the supported metal catalysts and can indeed guide the development of new catalysts with
improved catalytic properties. In this contribution, X-ray Absorption Near Edge Structure
(XANES) experiment is first carried out to measure the interaction between Pt particles and CNF
supports. Next, EXAFS analysis is performed to elucidate the fine structures of Pt sub-
nanoparticles and Pt-CNF interfaces. After that, on the basis of the EXAFS results such as
coordination numbers and bond lengths of Pt-Pt and Pt-C bonds, CNF-supported Pt sub-
nanoparticles are constructed and relaxed at the atomic level by MD simulations employing the
ReaxFF force field. Finally, in order to unravel the observed significant effects of the CNF
surface structure on the catalytic properties of the catalysts, the reactivity of the CNF-supported
Pt catalysts and the catalytic consequence of the Pt-CNF interaction are investigated in
preferential oxidation of CO by integrating the results from kinetic study, EXAFS analysis, and

MD simulation.



2. Experimental and Computational Details

2.1. Experimental

CNFs were grown by catalytic chemical vapor deposition.!”!” The p-CNFs were synthesized
from Fe nanoparticles in a mixture of CO and H», followed by purification in 4M HCI at 50°C for
4 times and each time for 2 hours.?’ The f-CNFs were grown using CO and a Ni/SiOa catalyst
and was purified in NaOH.?® No Ni and Fe content were detected by X-ray photoelectron
spectroscopy (XPS) and TEM on the surfaces of the CNFs.% 2

Due to improved control of the formation and deposition of Pt, the majority of recent work
concerning the preparation of CNF- or carbon nanotube (CNT)-supported Pt catalysts has
employed colloidal methods. In particular, a metal-oxide colloid method has been developed by

21-22

Reetz and co-workers, which was adopted in this work to prepare the supported Pt catalysts

under basic conditions (at pH values of 9-10), using HoPtCls as a precursor and Li>CO; as a
base, 72122

X-ray adsorption spectrum (XAS) data were collected using the facilities of the Swiss-
Norwegian Beamlines (SNBL) at the European Synchrotron Radiation Facility (ESRF), France.
Spectra were collected at the Pt-Ls edge. The data were collected in the fluorescence mode and a
Lytle type water-cooled furnace was used for the in-situ treatment of the samples. The XAS data
analysis program WinXAS (version 3.1)* was used for background subtraction and
normalisation of the spectra. Model fitting was carried out with EXCURV9S using curved-wave
theory and ab initio phase shifts.?*>> The EXAFS spectra were least-squares fitted in k space

using &’ weighted data. A Pt metal foil and PtO, were used as model compounds to check the

validity of the ab initio phase shifts and to establish the amplitude reduction factor (AFAC).



Transmission electron microscopy (TEM) and scanning transmission electron microscopy
(STEM) in high angle annular dark field (HAADF) mode were used to study the morphologies
and size distributions of the Pt clusters. The investigation was carried out on a JEOL 2010F
electron microscope with an acceleration voltage of 200 kV. The electrochemical (active) surface
area (ESA) was determined from the underpotential deposition charge of hydrogen from CV
measurements. A catalytic ink was prepared by suspending 2-3 mg catalyst in 2 mL isopropanol.
A diluted Nafion solution was added to the ink so that the amount of Nafion was 5 wt% with
respect to the catalyst. The titanium plate was polished and etched carefully in 10 % HCI to
remove the oxide layer. The catalyst slurry was ultrasonicated for 15 minutes following a spray
to the polished titanium plate. The clean plate was placed on a hotplate fixed at 80°C, and the
slurry was sprayed on using an airbrush. The amount of catalyst on the electrode was found by
weighing the plate before and after spraying. CV measurements were recorded at 200 mV/s and
100 mV/s using a Zahner IM6e potentiostat in a three electrode setup; reference electrode was a
Redrod electrode (Radiometer), and a Pt foil acted as counter electrode. The electrolyte was 0.5
M H>SO4. After subtraction of the double layer charge, the EAS of the catalysts was calculated
by assuming that a smooth Pt electrode gives a hydrogen adsorption charge of 210 pC/cm?2® To
investigate the difference between pre-reduced and as-prepared catalysts, portions of the
catalysts were transferred to a quartz cup and placed in a tubular furnace. The samples were
treated in an atmosphere containing 7 % H» in Ar, heated from room temperature to 175°C at a
rate of 5°C/min. The temperature was held at 175°C for 30 minutes, before the gas supply was
changed to Ar and the sample was allowed to cool down.

The activity tests were conducted in a quartz U-tube fixed-bed reactor with an inner diameter

of 3.5 mm under conditions identical to previous work.® A catalyst amount corresponding to 0.08



mg Pt were mixed with 100 mg SiC-particles (45 mm) as diluent to minimize the temperature
gradient in the reactor. The catalysts were reduced in a 5 % Hx/He mixture at 175<C (5<C/min)
for 30 min. The temperature-programmed surface reaction was then performed from 25<C to
200<C with a heating rate of 1<C/min procedure in a H2/O»/He mixture with and without CO,
containing Hz (8 ml/min), and Oz (4 ml/min) diluted with He (800 ml/min). The low pressure of
reactants, high flow rate and large amount of diluents were used to keep reaction isothermal. For
the preferential CO oxidation experiments, a gas containing 1 mole% of CO/H; stored in a steel-
coated bottle was used. The conversion was calculated based on the O,-concentration obtained
by an online micro-GC (Agilent 3000).

2.2. Computational

MD simulations have been performed by using the LAMMPS code®’?® and the ReaxFF
reactive force field. The ReaxFF is based on a bond-order approach and a charge equilibrium
scheme,? which proved successful in our previous work in representing formation and breaking
Pt-C, Pt-Pt, and C-C bonds.'*1% 3% A time step of 0.25 fs was employed. It took 50 ps to
equilibrate the systems at 600 K using the canonical ensemble (NVT) and Nosé-Hoover chain
thermostat.>! MD simulations were then carried out in equilibrium for 150 ps.

In order to make a direct comparison between experimental observations and simulated results,
Pti3 and Ptso clusters which have particle sizes of about 0.56 nm and 1.14 nm, respectively, were
constructed on the basis of the face-centered cubic (FCC) Pt crystal structure. Ptso clusters were
supported on armchair and zigzag arrangements of the p-CNF, while Pt;3 clusters were supported
on the surfaces of the f~-CNF. Simulated annealing was performed to get stable clusters before the

Pt clusters were deposited.



The p-CNFs with armchair and zigzag arrangements exposed were represented as 18 layers of
graphite with dimensions of 5.965 nm x 6.030 nm X 2.952 nm and 5.903 nm X 6.030 nm X 2.983
nm, respectively, and the neighboring graphite slabs were separated from each other by a
vacuum region of around 6 nm in the direction parallel to the graphite basal planes, as shown in
Figure 1a and 1b. During the MD simulations, the C atoms in the bottom half slab were fixed at
their crystallographic positions. The cone-helix f~-CNF model with a disclination angle of 240°
was employed in the present work, which was obtained with a continuous graphite ribbon
spiraling along the principal axis.! The resultant f-~CNF model has an apex angle of 38.97°,
which is close to that of the f-CNF prepared in experiment (~42°). Four helical cones with outer
diameter of 6 nm are included in a unit cell with dimensions of 15 nm X 15 nm x 4.067 nm, as
shown in Figure 1c and 1d.

(a) (b)
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Figure 1. Schematic representations of the p-CNF models with (a) armchair and (b) zigzag

arrangements exposed and (c) top and (d) side views of the f~-CNF models.



3. Results and Discussion

3.1. Properties of Pt nanoparticles supported on CNFs

Figure 2. TEM images of Pt/p-CNFs (a) and Pt/f-CNFs (b and c¢), and HAADF-STEM image

of Pt/f-CNFs (d).

The structures of the CNFs used in this work are identical to the ones used in our previous study
where the effects of the properties of carbon supports on the dispersion of Pt-oxide colloids were
investigated.?’ Some characterization data from the previous study are summarized here. The p-
CNFs have a BET surface area of 144 m?/g while the f-CNFs have a surface area of 93 m?/g. The

p-CNFs (Figure 2a) have graphite layers stacked perpendicularly with respect to the fiber axis.
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Meanwhile, the f-CNFs (Figure 2b) have an average stacking angle (half of apex angle) of 20-
25< The interplanar spacing of the p-CNFs (0.336 nm) is close to that of graphite while the value
is significantly larger (0.344 nm) in the f-CNFs. The difference in interplanar spacing between
the p-CNFs and f-CNFs can be explained by the greater lattice strain at smaller CNF apex
angles.! Apart from open edges, closed layers and irregular structures can also be found on the
surfaces of both CNFs. From XPS, the p-CNFs were found to have far more structures

corresponding to sp3-hybridized and/or disordered carbon and/or dangling bonds.?

Table 1. The loading, surface area, and particle size of Pt nanoparticles supported on p-CNFs and

f-CNFs
. Cve TEM ¢
Sample name Prepar;ltlon LF;?I(;)% ' Surface area  Particle size  Particle size
viethod [m?g] [nm] [nm]
Pt/p-CNF  metal-oxide colloid 3.5 129 23 1.7
Pt/f-CNF  metal-oxide colloid 3.0 176 1.9 1.8
? Obtained from TPO

b Pre-reduced

¢ As-prepared

The Pt particle sizes given in Table 1 were estimated by statistical analysis of particles from
HRTEM images and hydrogen adsorption measured by CV. The size of the metal-oxide colloids
prepared by the same method was reported to be in the range 1-2 nm elsewhere.?! TEM suggests
an almost identical Pt particle size for the Pt/p-CNFs and Pt/f-CNFs (1.7 - 1.8 nm). However, CV
measurements indicate that the Pt surface area of the Pt/f-CNFs is significantly higher than that
of the Pt/p-CNFs. It corresponds to the particle size of 2.3 nm and 1.9 nm for the pre-reduced Pt

nanoparticles on the Pt/p-CNFs and Pt/f-CNFs, respectively. The discrepancy between the results
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obtained from the two techniques indicate that accurate determination of the size of nanoparticles
is quite challenging. Indeed, TEM has a limited ability to characterize the sub-nanometer metal
particles, and CV measurements usually overestimate the nanoparticle size because it is difficult
to achieve a full monolayer adsorption of atomic hydrogen under experimental conditions and

the impurities in electrolytes may sometimes be strongly adsorbed on the metal particles.>?

3.2. Pt-CNF interaction
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Figure 3. 3D contour plots of XANES data during reduction in 5 % Hz/He on the (a) Pt/p-CNFs

and (b) Pt/f-CNFs and (c) fraction of PtOx (%) obtained from XANES analysis.

The interaction of the Pt clusters with the CNFs was studied by temperature-programmed
reduction (TPR) in conjunction with XANES.* The fraction of PtOx and Pt were estimated
based on the XANES data as a function of reduction temperature during the TPR experiment
(see Figure 3a and 3b). The changes in the PtOx fraction as a function of reduction temperature
are shown in Figure 3c. An immediate onset of reduction of PtOx was observed at room
temperature for the Pt/p-CNFs and the reduction is nearly accomplished at 50°C. Even
temperature is increased to 300°C, a fraction of PtOx (2.4 wt%) still persists in the sample.
Although the detected Pt*" fraction upon reduction is small, the possibility of the presence of

oxygen between Pt and C and/or positively charged Pt due to electron transfer between the Pt
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and p-CNFs cannot be disregarded. By contrast, the Pt/f-CNFs are reduced at a higher
temperature and in two steps. The majority of the Pt (90 %) is reduced at 150°C while the
reduction of a minor fraction is completed up to 300°C. It can therefore be deduced that the

interaction between the Pt clusters with the f~-CNFs is much stronger than that with the p-CNFs.

3.3. Fine structures of supported Pt nanoparticles

Fourier Transform

Fourier Transform

4 6 8 10 12 14 60 1 2 3 4 5
k(1/A) R(A)

Figure 4. Pt Lt EXAFS spectra (left) and the corresponding Fourier transform (right) of Pt/p-
CNFs (a) as-prepared and (b) after 1 hour of reduction at 300°C. Experimental data are shown in

solid lines and the k3 fit in dotted lines.

EXAFS is a technique of extraordinary power to represent the fine structures of metal particles
and metal-support interfaces. Experimental and fitted EXAFS data of the as-prepared and
reduced Pt/p-CNFs are presented in Figure 4. The results from EXAFS analysis, including Pt-O

and Pt-Pt coordination numbers as well as interatomic distances, are summarized in Table 2.
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From the table, it can be seen that the EXAFS analysis of the as-prepared PtO/p-CNFs shows
similar first-shell Pt-O coordination number and Pt-O bond length to those in the PtO». This
finding suggests that the platinum oxide nanoparticles maintain their crystal structure upon
deposition on CNFs and that the auto-reductive effect of the carbon supports is not able to reduce
the oxide particles. In addition, there are only minor contributions from the more distant Pt-Pt
shell to the EXAFS signal of the Pt oxide nanoparticles, indicating that the particles are relatively
small. In a previous study, the presence of hydroxyl-metal moieties has been suggested for
particles deposited through the metal-oxide colloid method.>* The small particle size makes it
difficult to infer from the EXAFS data whether the particles are present as hydroxides or oxides

before reduction, because the first-shell parameters are quite close for the two cases.

Table 2. Coordination number and interatomic distances determined from EXAFS analysis

Coordination Interatomic

Sample Scatter 2s? [A?]?
Number distance [nm]

Pt-O 6 0.203 0.007
PtO2

Pt-Pt 12 0.311 0.011

Pt-O 5.3 0.201 0.007
Pt-O/p-CNF

Pt-Pt 1.5 0.306 0.009

first Pt-Pt shell 12 0.278 0.010
Pt foil

second Pt-Pt shell 6 0.393 0.016

? Debye-Waller type factor

From the EXAFS data given in Table 3, the first-shell Pt-Pt coordination number in the
reduced Pt/p-CNFs is 6.1 while a significantly lower Pt-Pt coordination number of 2.7 was found
in the Pt/f-CNFs. With the assumption of spherical particles,” the average particle size is

estimated to be about 1 nm and less than 0.6 nm for the Pt/p-CNFs and Pt/f-CNFs, respectively.
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Very small metal clusters of about 0.5 nm in diameter was also reported in the literature for Pd
supported on a platelet-type CNF with a graphite interplanar spacing of 0.340 nm.?* These
particle sizes are also smaller than those obtained by TEM as well as the electrochemical CV
method. It has been previously demonstrated that the average metal particle size determined from
the EXAFS coordination number is more accurate than TEM results if the average metal particle
size is smaller than 2 nm,*® which is due to the limited resolution of TEM under specified

circumstances.

Table 3. Mean Pt-Pt coordination number and interatomic distance of reduced catalysts from

EXAFS analysis and MD simulations

Experimental Simulated
Sample Scatter Coordination Interatomic 2 2 Coordination Interatomic
2s” [A°]?
Number distance [nm] number distance [nm]
first-shell Pt-Pt 6.1 0.276 0.012 6.15°  6.12° 0.287°  0.288°
Pt/p-CNF
second-shell Pt-Pt 3.0 0.392 0.018 253> 2.73¢ 0.377° 0374
first-shell Pt-Pt 2.7 0.271 0.013 2.644 0.293¢
Pt/f-CNF
second-shell Pt-Pt 0.6 0.387 0.013 1.644 0.379¢

? Debye-Waller type factor
® Obtained from Pt atoms involved in Ptso clusters adsorbed at armchair site of p-CNFs
¢ Obtained from Pt atoms involved in Ptso clusters adsorbed at zigzag arrangements of p-CNFs

4 Obtained from Pt atoms involved in six Pt3 clusters adsorbed on f-CNFs

Although EXAFS provides some structural parameters of the fine structure of the supported Pt
particles, a more detailed picture of how the Pt nanoparticles are reconstructed upon deposition
has not yet been achieved. MD simulations based on the ReaxFF reactive force field, in

combination with the EXAFS results, were therefore performed to demonstrate the structural
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evolution of Pt nanoparticles adsorbed on both the p-CNFs and f-CNFs. As mentioned above, the
Pt particle sizes estimated by the EXAFS analysis are 1 nm and less than 0.6 nm on the p-CNFs
and f-CNFs, respectively. Hence, two Pt nanoparticles with approximately the same cluster sizes,

namely, Ptso and Pti3, were constructed and deposited on the respective CNF models. Upon 150
ps of equilibrium, the size of the Pt clusters are measured to be 1.10 nm and 1.12 nm for the Ptso
at the armchair and zigzag arrangements of the p-CNFs, and 0.55 nm for the Pti3 on the f-CNFs,
which indicates that these two metal-support combinations are well suited to the representation

of the experimentally observed morphologies of CNF-supported Pt clusters.

Initial structure

Structure upon 150 ps MD simulation

Pt,,/p-CNF

Armchair

Pt.,/p-CNF
Zigzag

N
=
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Pt,,/-CNF

=N

75
i
D
S
NN
NS

Figure 5. Schematic representations of Ptso clusters adsorbed at the armchair and zigzag
arrangements of p-CNFs and Pti3 clusters adsorbed on f~-CNFs
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The evolution of the Ptso and Pti3 clusters upon adsorption is schematically represented in
Figure 5. The comparison between the initial and relaxed structure upon 150 ps of equilibrium
indicates that a fraction of Pt atoms are detached from the Pt clusters and then bonded to the
CNF surfaces, which is ascribed to the strong metal-support interactions. Furthermore, it can be
seen from the figure that the Pt clusters supported on the f-CNFs experience far more significant
restructuring than the p-CNF supported Pt particles, and tend to ‘wet’ (spread over) the support
surfaces with a contact angle close to 0 °. Meanwhile, a highly disordered structure is adopted by
the nanometer-sized Pt assemblies on the f-CNFs, which is consistent with the TEM observations
shown in Figure 2¢ and 2d.

To make a direct comparison between the microstructures of the supported Pt nanoparticles by
theorectical predications and experimental EXAFS data, the mean Pt-Pt coordination number and
interatomic distance of Pt atoms involved in the clusters were calculated, as presented in Table 3,
where the first- and second-shell coordination numbers are derived from the data at the short
(from 0.24 to 0.32 nm) and long (from 0.32 to 0.43 nm) Pt-Pt interatomic distances, respectively.

For the Ptso cluster adsorbed at the armchair configuration of the p-CNFs, the mean first- and
second-shell Pt-Pt coordination numbers are calculated to be 6.15 and 2.53, respectively, and at
the zigzag configuration the corresponding data are 6.12 and 2.73, respectively, which indicates
that the arragement of carbon atoms on the exposed CNF surfaces has a negligible effect on the
bulk structure of supported Pt nanoparticles. Given the mean first-shell Pt-Pt coordination
number of 8.15 in isolated Ptso clusters,* it can be deduced that the Pt clusters undergo severe
but similar degree of reconstruction upon adsoroption in the two configurations.

The calculated Pt-Pt coordination numbers and interatomic distances in both the Ptso/p-CNF

and the Pt;3/f~=CNF are in line with the EXAFS results. In particular, the prediction of the first-
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shell Pt-Pt coordination number gives almost the same values as the experimental measuments
(6.1 and 2.7 for the Ptso/p-CNF and Pti3/f~=CNF, repectively). This demonstrates that MD
simualtions with the usage of proper metal-cabon ReaxFF forcefield parameters are a powerful
technique for analyzing the microstructures of carbon-supported metal nanoparticles at an atomic

level.

3.4. Fine structures of the interface between Pt nanoparticles and CNF supports

A previous XANES and EXAFS study of a similar system indicated that it is normally not
possible to differentiate between the contribution from Pt-O and Pt-C backscatters,'! and
therefore both the Pt-O and the Pt-C coordination are regarded as Pt coordinated to the CNF
surface in the present work. In Table 4, the Pt-O and/or Pt-C coordination numbers at short and
long interatomic distances are given for the Pt/p-CNF and Pt/f-CNF samples. The short
interatomic distance is measured to be 0.211 and 0.218 nm for the Pt/p-CNFs and Pt/f-CNFs,
respectively, which is close to 0.209 nm, the sum of the atomic radii of Pt (0.138 nm) and C
(0.071 nm), and the long Pt-C interatomic distance (0.270 and 0.264 nm) has elsewhere been
ascribed to the presence of interfacial hydrogen and to the interaction between Pt clusters and the
CNF basal planes.!!> 1° It can be seen from Table 4 that the experimentally predicted overall Pt-C
coordination numbers (with both the short and the long Pt-C interatomic distances taken into
account) in the Pt/p-CNFs and Pt/f-CNFs are 2.1 and 6.0, respectively, which are rather close to
the MD results. Furthermore, the short and long Pt-C interatomic distances are also well
represented by MD simulations. On the other hand, both experimental and calculated data
indicate that the overall Pt-C coordination number in the Pt/p-CNFs differs significantly from
that in the Pt/f-CNFs, which can be explained by the significant difference in morphologies of

the Pt clusters supported on CNFs (as shown in Figure 5).
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Table 4. Mean Pt-C coordination number from EXAFS analysis and MD simulations

Experimental Simulated
Sample Scatter Coordination  Interatomic 2g2 Coordination Interatomic
. [Az]a .
number distance [nm] number distance [nm]
first-shell Pt-C 0.9 0.211 0.007 1.04> 1.28c 0.204°> 0.206¢
overall Pt
second-shell Pt-C 1.2 0.270 0.010 2370 157¢ 0.244°> 0.236°¢
Pt/p-CNF
first-shell Pt-C ~1.6 1.91b  2.46¢
interfacial Pt
second-shell Pt-C~ ~2.2 4.37° 3.03¢
first-shell Pt-C 2.2 0.218 0.013 0.68¢ 0.201
overall Pt
second-shell Pt-C 3.8 0.264 0.004 4.91d 0.249
Pt/f-CNF
first-shell Pt-C ~2.2 0.77¢
interfacial Pt
second-shell Pt-C~ ~3.8 5.58d

? Debye-Waller type factor

® Obtained from Ptso clusters adsorbed at the armchair arrangements of p-CNFs

¢ Obtained from Ptso clusters adsorbed at the zigzag arrangements of p-CNFs

4 Obtained from Pt3 clusters adsorbed on f-CNFs

With the assumption of Pt nanoparticles as a half-spherical particle adopting an FCC crystal

structure, the fraction of Pt atoms at the Pt-CNF interface was calculated by f = 4R/d, where R is

the atomic radius of Pt and d is the Pt particle size.!* By applying R = 0.138 nm, d = 1.0 nm, and

an overall Pt-C coordination number of 0.9, an interfacial coordination number of 1.6 was

obtained for the first-shell Pt-C coordination in the Pt/p-CNFs. Here the interfacial Pt-C

coordination number is defined as the total number of Pt-C coordination at the metal-support

interface divided by the total number of interfacial Pt atoms. As for the Pt/f-CNFs, however, the

resultant interfacial coordination numbers are almost identical to the measured overall
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coordination numbers. Given that the Pt particles that are smaller than 0.6 nm introduces
uncertainty about the cluster geometry,® it is hard to get the exact value for the number of
interfacial Pt atoms in the Pt/f-CNFs. Nevertheless, the interfacial Pt-C coordination numbers
would be very close to the overall coordination numbers because in the small (< 0.6 nm) and
highly dispersed Pt particles deposited on f-CNFs,!! the majority of the Pt atoms in the Pt
nanoparticles are located at the Pt-CNF interface. This has been verified by MD simulations,
which indicate that for the Pt atoms at the Pt13-f-CNF interface the calculated Pt-C coordination
number (6.35 with both short and long Pt-C interatomic distances considered) is comparable to

the calculated overall Pt-C coordination number (5.59), as given in Table 4.

It should be noted that our EXAFS analysis gives different Pt-C coordination numbers for the
Pt/f-CNFs from the one reported in the literature where an f~CNF-supported Pt catalyst was
prepared by deposition-precipitation and fourfold Pt-C coordination was attributed to the Pt
nanoparticles being supported by adjacent graphene sheets.!! In order to depict the Pt-CNF
interface in a more detailed way, we examined the adsorption configurations of Pt atoms on the
p-CNFs and f-CNFs, which are classified into four categories and shown schematically in Figure
6. First, Pt atoms are preferentially bonded to the edge planes of graphene sheets because
basically accommodating a Pt atom on the edge planes are energetically more favorable than that
on the basal planes.'® In Figure 6a, one can see that the first-shell Pt-C coordination number (at
the short Pt-C interatomic distance) keeps to be 2, regardless of the arrangement of edge planes.
However, the second shell Pt-C coordination number (at the longer Pt-C interatomic distance)
depends strongly on the edge arrangement. At the armchair arrangement, the second shell Pt-C
coordination number could take the value of 2 or 0, while at the zigzag arrangement the second

shell Pt-C coordination number is 1. Second, as the Pt cluster size is larger than the CNF
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interplanar spacing, it is possible for Pt atoms to interact with two adjacent graphite layers of
CNFs. The difference in exposed CNF surface structures would give rise to a variation in Pt-C
coordination number. For example, Pt atoms interact more probably with basal planes as the
CNF apex angle is decreased, thereby leading to a higher possibility of formation of long Pt-C
bonds and an increase in Pt-C coordination number. Therefore, the difference in the f-CNF
morphology is probably responsible for the aforementioned discrepancy between our measured
Pt-C coordination number and the data in the literature. As another example, the f~-CNFs have a
higher basal-to-edge surface area ratio than the p-CNFs and, consequently, long Pt-C bonds are
preferred in the Pt/f-CNFs (see Figure 6b and 6¢ for comparison). Moreover, since the interfacial
Pt atoms can simultaneously bonded to the edge and basal planes of the f-CNFs, stronger metal-
support interactions (and hence a higher restructuring degrees of the metal clusters) are expected
on the Pt/f-CNFs. Finally, if Pt atoms are adsorbed on the f-CNF basal planes and positioned at a
distance far away from the edge planes (see Figure 6d), the formation of long Pt-C covalent
bonds would be promoted even more dramatically. Here the illustrations of Pt atoms bonded to
the p-CNFs and f-CNFs are based on the ideal crystalline structures of the armchair and zigzag
configurations. Under realistic experimental conditions, the surface of CNFs are far more
complex and have surface defects such as sp’-hybridized and/or disordered carbon and/or
dangling bonds. Nevertheless, the configuration information above clearly indicates that the
surface structure of CNF supports plays a key role in determining the Pt-C coordination at the
interface, which in turn has a significant effect on the interaction between Pt clusters and CNF

supports.
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Armchair Zigzag

Figure 6. Schematic representations of Pt atoms bonded to p-CNFs and f-CNFs. (a) A Pt atom
bonded to the edge planes of p-CNFs and f-CNFs; (b) A Pt atom bonded to two adjacent edge
planes of p-CNFs; (c) A Pt atom bonded simultaneously to the basal and edge planes of f-CNFs;
(d) A Pt atom bonded to the f-CNF basal planes. The numbers of short (from 0.18 nm to 0.22 nm)

and long (from 0.22 nm to 0.28 nm) Pt-C bonds are denoted as Nshort and Niong, respectively.

At the interface between the Pt clusters and p-CNFs, the Pt-C coordination numbers are

experimentally estimated to be about 1.6 and 2.2, and the interatomic distances 0.211 and 0.270
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nm for the first-shell and second-shell, respectively. The MD simulation results depends strongly
on the graphene sheet termination such as “zigzag” or “armchair” arrangement. The simulated
interatomic distances for the armchair termination of 0.204 and 0.244 nm at the first-shell and
second-shell, respectively, are closer to the experimentally estimated values of 0.211 and 0.270
nm than those for the zigzag termination. In addition, the MD simulations predicts that the first-
shell Pt-C coordination number of 1.91 at the interface for the armchair termination compares
more closely to the experimental value of 1.6. It is therefore likely that the armchair arrangement

dominates the graphene sheet termination in the p-CNF-supported Pt catalysts.

3.5. CO preferential oxidation on Pt/CNFs

To elucidate the effect of the structures of metal-support interfaces (and hence the structures of
metal nanoparticles) on their adsorption and catalytic properties, CO preferential oxidation in a
hydrogen-rich environment was then studied on the CNF-supported Pt catalysts at different
temperatures. The conversions of CO and hydrogen oxidation are presented in Figure 7a and 7b,
respectively. One can see that CO oxidation occurs at much lower temperatures than does
hydrogen oxidation, which suggests that CO can be preferentially oxidized over hydrogen on the
CNF-supported Pt catalysts. Although this oxidation activity is slightly lower than that of the

38-39

CeOz-supported Pt catalysts, it seems to be much higher than that of the y-Al>Os-supported

Pt catalysts,***?

where noticeable PROX activities were observed only at above 150°C. More
interestingly, it is observed that the rate of CO oxidation depends significantly on the structure of
the CNFs used as the supports. For instance, the temperature achieving 37 % conversion of CO is

77°C on the Pt/p-CNF, which is much lower than that on the Pt/f-CNF (124°C). As another

example, the CO conversions at 77°C are 37 % and 11 % on the Pt/p-CNF and Pt/f-CNF,
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respectively; that is, the rate of CO oxidation is more than 2 times higher on the Pt nanoparticles

supported on the p-CNF than on the f-CNF.
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Figure 7. Preferential oxidation of CO in a mixture of CO and Hz. The ratio of CO/H2/O2/He is

0.01/1/0.5/100, and the total flow rate is 812 ml/min on the Pt/p-CNFs and Pt/f-CNFs.

On the other hand, the oxidation of hydrogen shows completely different character compared
to the CO oxidation reaction. At low temperatures, hydrogen oxidation occurs very slowly. Once
it ignites at certain temperatures, however, the rate for the hydrogen oxidation reaction increases
abruptly with temperature. The ignition temperature of 77°C on the Pt/p-CNFs is much lower
than that on the Pt/f-CNFs (120°C). Thus, the selective oxidation of CO is achieved at low
temperatures, and the selectivity toward CO oxidation is over 90 % before the ignition of
hydrogen oxidation.

The observed catalytic performance of the CNF-supported Pt catalysts for the selective
oxidation of CO differs dramatically from that of the Pt nanoparticles supported on CeO,,3%3 y-
AlLO3,*! and zeolites®. It has been reported that on the Pt/y-Al,O3; the maximum selectivity
toward CO oxidation is typically about 50 %,***> and 60 % in the presence of water.** Although
the dispersion of Pt varies significantly from 100 % to 60 %,*! or from 8.9 % to 5.6 %** on v-

ADOs, the selectivity is quite close, which suggests that the selectivity toward CO conversion is

24



insensitive to the Pt particle size. On the CeO»-supported Pt catalysts, the selectivity of 100 %
was reported at 50 % conversion on 3 nm Pt nanoparticles,® but relatively low selectivity was
also observed on the Pt nanoparticles of 1.6 nm and 5.6 nm (< 40 %).%® As for the Pt catalysts
supported on zeolites, a higher selectivity was obtained than that on y-Al>O3, and the selectivity
decreases in the order Pt/A > Pt/mordenite > Pt/X > Pt/y-A,03.* The experimental findings in
this work, together with the results in the literature, imply a strong support dependence of the
selectivity in preferential oxidation of CO.

The oxidation of CO and Hb typically involves adsorption/desorption processes and Langmuir
surface reactions. The adsorption heat of CO [~140 kJ/mol on Pt(111)]*6 is much higher than
that of hydrogen [~80 kJ/mol on Pt(111)].#” It results in a preferential adsorption of CO on Pt
compared to hydrogen, which helps explain the experimentally observed preferential oxidation
of CO and suppressed H> oxidation at low temperatures. Furthermore, the difference in the
ignition temperatures of H> on the two different catalysts could reflect the difference in their
ability to bind CO. The much higher ignition temperature of H> oxidation on the Pt/f~-CNFs than
that on the Pt/p-CNFs is indicative of a stronger binding of CO to the former.

To examine the adsorption behavior of CO on the CNF-supported Pt clusters in a more
detailed way, kinetic modeling and analysis were performed for the preferential oxidation of CO.

At very low reactant pressures, the rate for the oxidation of CO can be expressed in terms of the

partial pressures of CO ( Pco) and O3 ( Po2 ):48-49

Ieo = k- Feo PC;)Z'S (1)

If Oz is in large excess, then to a good approximation its partial pressure is constant throughout

the reaction. We can therefore approximate P02 by POZ,O and write
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rco:k"Pco and k':k-POOZ'?’0 2)

which has the form of the first-order rate law where k' is a lumped rate constant [mol /(g
Pt-s-bar)]. If the reaction is thought of as occurring in an ideal isothermal plug flow reactor,
which is a reasonable simplification for a typical fixed-bed reactor, the reactor design equation

can be written as

dx

— —K'P,(1-X 3
W/ P 00 (1—X) 3)

where X is the CO conversion, W is the Pt weight [q], Fco,o is the CO molar flow rate [mol/s],
and Pco,o is the initial partial pressure of CO [bar]. On integration of Eq. (1), the reaction rate at

zero (inlet) conversion, Iy, can be defined as

. —In(1— X)-F mol
ro =k" PCO,O = W 0.0 (gPtS) (4)

Under this definition, the corresponding TOF values obtained at different temperatures were
plotted against temperature, as shown in Figure 8. From the least squares fitted lines, one can see
that the activation energies for CO preferential oxidation are 56.8 and 25.4 kJ/mol for the Pt/p-
CNF and Pt/f-CNF, respectively, which fall well within the previously reported CO oxidation
barriers ranging widely from 27 kJ/mol on the Pt/fiberglass®® to 50.2 - 56.1 kJ/mol on the
Pt/Si02,* % and even to 137 kJ/mol on the single crystal Pt(100) surface.*® Meanwhile, the pre-

exponential factors of 1.38 X 10'° and 7.44 X 10* are given by the intercepts of the straight lines,

and based on the transition state theory the apparent entropies of activation are estimated to be -

154.6 and -53.7 J/mol-K for the Pt/f-CNFs and Pt/p-CNFs, respectively, which provides a
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measure of the entropy change from the gaseous reactants of CO and O to the rate-determining
transition state. Although one cannot separate the individual entropy change of CO from that of
0., the resultant larger magnitude of the entropy change on the Pt/f~-CNFs implies lower mobility
of the transition state than that on the Pt/p-CNFs. Since it is generally agreed that the transition
state resembles the adsorption configuration of reactive intermediates, it is reasonable to expect

that the reactants are bound more strongly to the Pt/f-CNFs than to the Pt/p-CNFs.
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Figure 8. The Arrhenius plot of CO preferential oxidation under the conditions identical to the

ones in Figure 7.
3.6. General discussion

As mentioned above, the Pt clusters deposited on the two CNFs with different graphene sheet
orientations exhibit remarkably different catalytic activity for preferential oxidation of CO in a
mixture of CO and H». The catalytic activity of the Pt/p-CNFs is much higher than that of the
Pt/f-CNFs. The effects of the CNF support on the structural, adsorption, and catalytic properties
of the Pt nanoparticles can be explained as follows.

First, the dispersion of the Pt clusters is directly influenced by the surface structures of the

CNF supports. Combined EXAFS and MD results indicate that the CNF-supported Pt catalysts
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can be finely dispersed on the two supports and have dimensions in the sub-nanometer regime.
Moreover, the different CNF surface structures give rise to different Pt-CNF interfaces, and
smaller Pt clusters with much rougher surfaces are found to be deposited on the f-CNFs. By
analyzing the chemical bonding between the Pt and CNFs at their interfaces, it is suggested that
the unique surface structure of the f~CNF leads to a much stronger Pt-CNF interaction and,
consequently, to a higher Pt dispersion, which provides a rational interpretation of the lower Pt-
Pt coordination numbers observed on the Pt/f-CNF. It should be noted that on the sub-nanometer
scale, both the conventional TEM and CV measurements fail to provide us with valuable
information about the Pt particle size, and even worse, they could make a wrong prediction about
the relative sizes, as is the case for the Pt/p-CNFs and Pt/f-CNFs by using TEM.

Second, the geometrical structures (and hence the adsorption properties) of Pt active sites
depend strongly on the metal-support interaction. As aforementioned, the strong Pt-f-CNF
interaction leads to a decrease in particle size, which in turn increases the fraction of under-
coordinated atoms on the metal surfaces. According to the d-band model,’!>? transition metal
atoms with a low coordination number tend to have high-lying d-bands and thus bind the
adsorbates more strongly than those on close-packed surfaces. On the other hand, a significant
reconstructing of Pt particles upon deposition has previously been reported when the particle size
is below 2 nm,*° where the computed Pt-Pt first-shell coordination number and Pt-Pt bond length
on the exposed surfaces are found to decrease and increase, respectively. The increased Pt-Pt
bond length would also shift the d-band center toward a higher value, thereby enhancing the
binding of adsorbates to the metal surface.

The structure sensitivity of CO oxidation on transition metal catalysts has long been observed

and makes it a good prototype reaction of rational catalysis science. It is generally accepted that
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53-55 and

the recombination of adsorbed CO and O is the rate-determining step for this reaction,
therefore the overall reaction rate depends strongly on the surface coverages of CO and O. Under
some experimental conditions such as low reaction temperature and high CO partial pressures,
the surface is predominantly covered by CO and, consequently, the reaction rate is affected by
the probability that CO desorbs to release surface sites for oxygen dissociation. For example,
Zafiris and Gorte suggested that 14 nm Pt catalysts give a 10 times greater TOF for CO oxidation
than those with a particle size of 1.7 nm because CO is less strongly bound to planar facets that
dominate large Pt particles.’® Santra et al. believed that CO adsorbed on the close-packed
surfaces is more active than that at the step sites, and oxygen atoms chemisorbed at the step sites
are more facile in interacting with CO adsorbed on the terraces.’” It was later demonstrated by
Atalik and Uner that the TOF for the CO oxidation reaction changes with the desorption kinetics
of CO, and the increase in the TOF with Pt particle size is accompanied by a decrease in the
apparent activation energy.’’ In the present work, however, both the TOF for CO oxidation and
the apparent activation energy are found to be lower on the smaller f~-CNF-supported Pt clusters.
The origin of this discrepancy may probably lies in the fact that the pre-exponential factor is
dependent strongly on the local geometry of active sites as well as the binding strength of CO.
On the smaller f-CNF-supported Pt nanoparticles, the more abundant coordinately unsaturated
surface sites and higher restructuring degree result in a significantly stronger CO adsorption, so
that the decrease in the pre-exponential factor activation energy cannot be compensated for by
the decrease in the apparent activation energy, thus leading to a lower reaction rate than that on
the Pt/p-CNFs.

Third, the CNF supports can modify the electronic properties of the sub-nanometer Pt clusters.

In general, the electronic effect of the support is restricted to the region very close to the metal-
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support interface. However, when the dimensions of metal nanoparticles are decreased to a very
low level, in the sub-nanometer regime in the Pt/f-CNF case, the electronic structures of all
component metal atoms might be affected by the presence of the support. Our XANES results
seem to reveal that at reaction temperatures there exists an electron transfer from the Pt to CNFs,

5860 and, more importantly, the smaller f-CNF-

in good agreement with previous observations,
supported Pt clusters are found to be more positively charged than the Pt/p-CNF. It has been
proposed that the positively charged Pt atoms may interact more strongly with CO because of
their capability of accepting a larger amount of electron density from the CO 5o orbitals by o-
donation.®! Indeed, the higher ignition temperature of hydrogen oxidation on the Pt/f-CNF
provides direct evidence in support of the enhanced CO adsorption arising from the stronger
metal-support interactions.

The work here indicates that the CNF structure has a significant effect on the properties of the
supported Pt clusters. It opens up new opportunities in catalyst design to use differently
structured CNFs as a platform to tune the metal reactivity through manipulating the surface
structures of CNFs and the metal-support interaction. For the preferential CO oxidation and
hydrogen oxidation reactions,® the p-CNF is an effective support which can provide stable but
more smooth Pt surfaces to adsorb CO with a proper binding strength. In this regard, the Pt/p-
CNFs could be a good catalyst for fuel cells, and its superior performance has elsewhere been
reported.® © On the other hand, the combined graphene edge and basal planes on the f-CNF
surfaces would lead to a very strong interaction between Pt and CNFs, resulting in formation of

sub-nanometer Pt clusters. For structure-insensitive reactions, smaller Pt particles can give

higher dispersion and thus higher catalytic activity.
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4. Conclusions

In this work, we have demonstrated XANES and EXAFS analysis combined with MD
simulations as a powerful technique for studying the interaction of Pt clusters with CNFs. It
provides detailed atomic-level insight and visualization of the fine structures of the Pt-CNF
interfaces and supported Pt clusters. For the first time, the different catalytic behaviors of Pt
clusters deposited on various CNF structures are rationalized. For the Pt atoms at the interface
between the CNFs and Pt clusters, both EXAFS analysis and MD simulations indicate that the
Pt-C coordination number depends strongly on the CNF surface structure, where Pt is preferably
bonded to the edges of the graphene sheets in the p-CNFs while the stronger adsorption at both
the edge and basal planes in the f-CNFs yields a much more significant restructuring of the Pt
clusters. Neither the conventional TEM nor CV measurements can provide us with correct
information about the Pt particle size. The Pt-Pt coordination number determined from EXAFS
suggests that smaller Pt sub-nanoparticles (less than 0.6 nm in size) are supported on the f~-CNFs
than those on the p-CNFs (~ 1 nm in size). The higher Pt-Pt coordination number on the Pt/p-
CNFs gives rise to a weaker adsorption of CO, and consequently, to a higher catalytic actvity for
the oxidation reactions, which helps explain why the Pt/p-CNF is a promising fuel cell catalyst.
These experiemtal and theoretical findings give new oportunities for rational catalyst design

using CNF as a platform to tailor the structural properties of Pt to a particular chemical reaction.
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