Research Article

)
<

pubs.acs.org/acscatalysis

Design Principles of Heteroepitaxial Bimetallic Catalysts

Wei Guo,” Michail Stamatakis,”* and Dionisios G. Vlachos*"

"Center for Catalytic Science and Technology, Department of Chemical and Biomolecular Engineering, University of Delaware,

Newark, Delaware 19716, United States

iDepartment of Chemical Engineering, University College London, Torrington Place, London WCIE 7JE, UK.

© Supporting Information

ABSTRACT: Heteroepitaxial bimetallic catalytic materials have been
attracting considerable interest because of their unique properties and
applications in energy, chemicals, and fuel sectors. Optimizing the activity of
bimetallic catalysts requires the ability to understand and precisely manipulate
the nanostructure (loading and dispersion of an admetal on a host metal).
Ammonia decomposition catalyzed by Ni on Pt(111) [Ni/Pt(111)] is a
prototype structure sensitive reaction for this purpose, in which both N—H
bond breaking and N—N bond formation can be rate-limiting steps. Here, a
first-principles kinetic Monte Carlo simulation framework reveals the
bifunctional role of Ni clusters on Pt(111) in NH; decomposition:
dehydrogenation on Ni terrace and N, desorption near Ni steps on Pt. We
show that the dynamic interplay between surface nitrogen diffusion and
association near the steps of Ni clusters and Pt terraces is responsible for the
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lower than expected nitrogen desorption temperature found in experiments. Our results illustrate the significance of metal
loading and microstructure on macroscopic performance. A model is introduced with the aim of optimizing the bimetallic surface
at nanoscale for improved reactivity. This simulation framework can be employed to understand and eventually tune bimetallic

catalytic materials for arbitrarily complex chemistries.
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B INTRODUCTION

Over the past decade, there has been growing interest in
bimetallic catalysts because they can exhibit increased activity
and/or reduced cost at comparable activity compared to single-
metal catalysts. Among bimetallics, the surface [X—Y—Y (first
layer—second layer—bulk)] or subsurface (Y—X—Y) bimetallics
have attracted the most interest. In the former, a second metal
resides atop a host metal [core—shell structure in the case of
nanoparticles (see Figure 1)], whereas in the latter, a second
metal is sandwiched between a core and a top layer of a host
metal (core—shell—shell). Such structures possess unique

Figure 1. Side view of elementary steps of N* diffusion on a Ni cluster
on Pt(111). There are two types of steps, (110) and (100). Yellow,
blue, and red spheres represent Ni, Pt, and N atoms, respectively. The
black arrows indicate N diffusion pathways, and pale red spheres
represent the final positions of N atoms upon diffusion.
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properties that are not an interpolation between the parent
metals of which they are made.'™ Such novel properties have
been well demonstrated experimentally for several classes of
reactions, including dehydrogenation (A—H bond scission,
where A is a heteroatom, such as N, C, etc.),”™’ reforming of
various fuels (C—C bond scission),*® water gas shift,'°
hydrogenation,'" oxygen reduction reaction,'> CO oxidation,"?
CO and CO, reduction,'*™'® electrocatalysis,lg’20 etc. Their
unique properties have been attributed to the shift of the d-
band center with respect to the Fermi level. As an example, it
has been found that surface bimetallic Ni—Pt—Pt [a monolayer
(ML) of Ni on top of Pt] is an excellent dehydrogenation
catalyst in ammonia decomposition and reforming of biomass
derivatives, producing hydrogen for fuel cells and upgrade of
biomass, respectively.>>' Importantly, trends on single crystals
often hold for supported catalysts in vapor or even aqueous
phase chemistry.”"

Density functional theory (DFT) and microkinetic modeling
(detailed reaction mechanism) along with semiempirical
methods have recently provided a computational platform for
screening of bimetallics. These techniques combine informatics
with a detailed chemical mechanism for identifying a suitable
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pair of metals and overall structures (surface or subsurface) for
increased catalyst activity.?*>** Several successes of model
predictions have been demonstrated experimentally.>** While
this is an important milestone in our understanding and
predicting novel materials for various chemistries, models have
been rather limited because they have relied on ideal structures
(full monolayer of a metal on a host). Real materials contain
clusters of the second metal on a host (Figure 1), as shown
using scanning tunneling microscopy (STM).*® Experimental
evidence indicates that incomplete ML of the second metal may
be better;>® however, the reasons remain elusive, and methods
for selecting the amount of the surface metal do not currently
exist. Tailoring materials for improved activity would require
understanding the effect of nanostructure (coverage of second
metal, cluster size, and shape effects).

In this paper, we introduce a general computational
framework for exploring the effect of the nanostructure of the
overlayer on a host metal on chemical activity. The framework
relies on first-principles kinetic Monte Carlo (KMC)
simulations that build upon a novel representation of
nanostructure properties. We select the ammonia decom-
position reaction as a test bed because it is known to be a
structure sensitive reaction, and as such, it represents a fairly
large class of reactions. Furthermore, certain bimetallic catalysts
have already proven to be better than single-metal catalysts
(e.g, Ni—Pt—Pt compared to Ru) for this reaction. Finally,
temperature-programmed desorption (TPD) data provide a
comprehensive database for assessing model predictions. We
show unequivocally that common surface bimetallics can
exhibit a bifunctional role whereby extended surfaces, such as
terraces, perform most of the dehydrogenation and steps
conduct desorption of N,. Our results support for the first time
the fact that control of nanostructure can markedly impact
chemical activity, and we develop a simple yet powerful
approach for optimizing nanostructures.

B COMPUTATIONAL METHODS

N diffusion and association barriers were calculated using
periodic spin-polarized DFT calculations via the Vienna ab
initio simulation package (VASP, version 5.2.12).*”** The
exchange correlation was described with the Revised Perdew—
Burke—Ernzerhof parametrized generalized gradient approx-
imation (GGA-RPBE) functional.?® The electron—ion inter-
actions were treated with pseudopotentials generated with the
projector augmented wave (PAW) method,***" and Kohn—
Sham one-electron valence states were expanded in plane wave
basis sets truncated at a cutoff energy of 350 eV. A higher
cutoff, 396 eV, has been tested, and we found that the N,
atomization energy and N binding energy on Pt(111) changes
were less than 25 meV. The Fermi population of the Kohn—
Sham state was calculated at an electronic temperature of kgT =
0.1 eV, and all the potential energies were extrapolated to zero
temperature. The surface Brillouin zone was sampled using a
Monkhorst—Pack grid.32 A 2 X 2 X 1 k-mesh was used,
following convergence tests of nitrogen binding energies for
similar systems.® For all types of surfaces, an interslab vacuum
separation of 14 A was used. The convergence criterion was set
to 107" €V for the self-consistent electronic minimization and
0.1 eV/A for the gradient in ionic relaxation. The latter was
checked with 0.05 eV/A, and the total energy change was less
than 20 meV. The (111) surface was modeled using p(4 X 4)
unit cells. All slabs consisted of four layers of metal substrate
with the bottom two layers fixed to their bulk positions. To
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determine transition states (TSs), we have used the climbing
image Nudged Elastic Band method (CI-NEB)*? for nitrogen
diffusion. The constrained minimization technique imple-
mented in Atomic Simulation Environment (ASE)** was used
for TS searching for surface nitrogen association. This method
has been shown to be accurate for the calculation of reaction
barriers in heterogeneous catalysis.>> We took N, in the gas
phase as the reference state. Zero-point energy (ZPE)
corrections have been applied to all the energies.

At the molecular level, the reaction energetics were employed
as inputs to a recently developed graph-theoretical KMC
simulation framework.*® The pre-exponentials were computed
as ratios of quasi-partition functions of the transition state to
those of the reactants. Lateral interactions were treated with a
simple cluster expansion model, i.e., the lattice gas model with
first nearest-neighbor pairwise additive interactions, AE(0) =
AE(O ~ 0) + Zpairnpairepair, following recent work.>*%” This
approach takes into account the local adsorption configuration
and lateral interactions and requires only a few calculations to
parametrize the interactions. In most cases, the first nearest pair
accounts for most of the coverage effects. The N—N pair
interaction model was found to reproduce the coverage-
dependent N binding energy on Ni/Pt(111).*® In the TPD
simulation, the time-dependent reaction rate constants were
treated using the method reported in ref 39. KMC simulations
were performed on three types of Pt(111) substrates: 6 X 6 size
of p(4 X 4) (primitive hexagonal lattice), 2 X 2 size of c(7 X
12), and c(14 X 24) (centered rectangular lattice). Metal atoms
are fixed during our KMC simulations, but the KMC
framework is flexible to allow for metal atom mixing in future
work. The surfaces had 576, 672, and 672 top layer Pt atoms,
respectively. We considered 1728, 2016, and 2016 sites for the
three Ni/Pt(111) surfaces, respectively. These sites entail fcc,
hep hollow, top, and step sites. In total, we considered 19 types
of sites in our model: six, seven, four, and two types of fcc
hollow, hcp hollow, top, and step sites, respectively. To avoid
sampling of low-barrier diffusion processes only, we raised
those lowest barriers, while keeping these processes well
equilibrated and at least 2 orders of magnitude faster than the
slower association processes. The initial nitrogen coverage was
0.3; the heating rate was 3 K/s, and 100 s was simulated in all
the KMC runs. Because of the stochastic nature of KMC
simulations, we have smoothed each TPD curve by averaging
20 KMC calculations employing different initial random seeds
for the initialization of N adsorption sites.

B RESULTS AND DISCUSSION

Ammonia decomposition proceeds via dehydrogenation (NH,*
+* - NH,_,* + H*), followed by associations of N* and H*
(2N* — N, + 2% and 2H* — H, + 2*), where * denotes a
surface species or catalyst site. High-resolution electron energy
loss spectroscopy (HREELS) results have shown that on Ry,
the NH, decomposition temperature is lower than 400 K and
the NH, coverage is 1 order of magnitude lower than that of
N.* Thus, N—N bond formation from association of NH,
species is probably unimportant in ammonia decomposition
under our conditions. The dissociation of NH; does not show
strong structure dependence. For example, the NH dissociation
barrier on Pt(211) is only 0.1 eV lower than on Pt(111), and
neither (100) nor (211) surfaces facilitate the NH, dissociation
with respect to Pt(111).*' In addition, the largest barriers of
N-—H bond cleavage in NH, show only a weak dependence on
metal. For instance, on close-packed surfaces of Ni, Pd, Pt, Fe,
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Figure 2. N* diffusion pathways and energy profiles. Diffusion close to a Ni cluster edge is modeled using two clusters of six Ni adatoms on Pt:
6adNi(110) and 6adNi(100), chosen to capture (110) and (100) steps, respectively. Hollow sites that are not close to steps are modeled as hollow
sites of pure Pt or Ni—Pt—Pt surfaces. 6adNi(110) and 6adNi(100) have six (110) and (100) step sites as shown in panels a and b, respectively. The
black circles represent hollow sites on Ni and red circles hollow sites on Pt. The white triangle and rectangle depict (110) and (100) step sites,
respectively. The arrows in panels a and b indicate the diffusion from initial states to final states listed in Table S1 of the Supporting Information. (c
and d) Energy profiles of the most preferred pathways of N diffusion on 6adNi(110) and 6adNi(100). “f’,”h”, and “s” stand for fcc hollow, hcp
hollow, and step sites, respectively. On larger clusters, N diffusions between the step and Ni or Pt terraces [h1 (or f2) <> Ni—Pt—Pt or hS (or h6) <
Pt, respectively] are modeled from the energetics of a combination of 6adNi(110), 6adNi(100), pure Pt, and Ni—Pt—Pt. N, in the gas phase is the

reference state.

Ru, Co, and Rh, the barriers are 1.1, 1.2, 1.4, 1.2, 1.2, 1.1, and
1.0 eV, respectively.”' ~** For Ni on Pt(111), the Ni terrace
provides active sites for N—H bond breaking because of its
stronger binding of NH, species than on Pt. Besides
dehydrogenation, N, desorption is another key step in
ammonia decomposition. Association of surface N atoms with
molecular nitrogen is believed to happen at the so-called BS-
type step sites [at (100) steps]. The five metal atoms stabilize
the association transition state at a pair of step and terrace
sites. ™ The number of BS sites is highly dependent on
particle shape and size, resulting in structure sensitivity for N—
N bond formation. For example, the N, association barrier on
Pt(211) is 0.9 eV lower than on Pt(111).*%°

In vacuum, it is observed that adatoms tend to nucleate
around defects or steps of a substrate. On (111) terraces of
single crystals, the size of the (111) terrace can be tens of
nanometers. Thus, Pt steps play only a minor role when
depositing a Ni monolayer. The Ni—Pt—Pt structure is found
to be stable at low temperatures, and monatomic steps have
been observed at the edge of Ni terraces in STM experiments.
Obviously, there are numerous cluster configurations one could
consider. The structures considered here and in the Supporting
Information are meant to illustrate the effect of clusters on the
TPD spectra and activity of the catalyst compared to those of
the idealized single monolayer considered in prior DFT and
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microkinetic (mean field) calculations. Upon being annealed to
~600 K, Ni atoms diffuse into the Pt bulk and form a Pt—Ni—
Pt structure.”® A recent molecular dynamics (MD) simulation
on the mixing between Ni and Pt atoms reveals that Ni can
reside atop Pt as Ni clusters during the mixing.>' In the
presence of N atoms, such Ni clusters on Pt(111) are more
energy favorable because N—Ni bonding is stronger than N—Pt
bonding.3’8 Figure 1 shows a single Ni cluster on Pt(111). N
atoms may diffuse on a Ni terrace, on a Pt terrace, or along or
across the steps. Previous calculations have shown that Ni
atoms at the center of a large Ni cluster on Pt(111) are
constrained to the underlying Pt lattice and strain release
happens mostly at the cluster edge.*® Thus, N energetics on the
center of a large Ni cluster is similar to that on Ni—Pt—Pt, and
N energetics at the edge of a large cluster can be approximated
with that of N on small Ni clusters, where all the Ni atoms are
edge atoms. To model all the processes shown in Figure 1, we
calculate the binding energy, the transition states of N*
association and diffusion on Pt, Ni—Pt—Pt, and two small Ni
clusters on Pt consisting of different steps (Figure 2a,b).
Because Ni atoms exhibit a higher d-band center than Pt atoms,
the binding strength near steps is different from the
corresponding sites of stepped pure metals. For instance, the
step sites (sl and s2 in Figure 2) bind N 0.77 and 0.96 eV
weaker than Ni hollow sites near steps (f1 and h2), respectively.

dx.doi.org/10.1021/cs4005166 | ACS Catal. 2013, 3, 22482255



ACS Catalysis

Research Article

A D § e b 5 ———— .
Step type (110) step Ni dispersion

— 2} e\p().-‘ 1 ~ 0cge=0.63 e\i“0~] 0.4
5 s 1.5F 3 h
= eSEH s i
=15 (100) step 2
3 G
2 g
a a
05 &

Ot 1 h 1 1 1 1 1 ] 0 L L L Il 1

400 450 500 550 600 650 700 750 800 500 550 600 650 700 750 800

Temperature (K) Temperature (K)
¢ 2 T T T J d 2 T T T T T T T
Ni loading N ) Ideal monolayer
‘ ‘ 05~0.1 05~0.9 catalysts Ni-Pt-Pt
> 1 sLExperiment S sk p -

S \'alucl s " >
> ‘Z’ Pt
¢ ¢ - |
2 e
205 20.5¢
= =

0 ] 0]

1 1 1
700 800 900

Temperature (K)

1
500 600

N* local coverage map at 644 K

40
X (A)

60

1000

. 4
950 1000

1 1 1 1 1 1
600 650 700 750 800 850 900
Temperature (K)

N-N association TOF map 2.5e-02
2.0e-02
{1.5e-02
e 1.0e-02
@ %
5.0e-03

Figure 3. TPD simulations of N, desorption on different surfaces. (a) Effect of step type: 6adNi(110) with (110) steps only and 6adNi(100) with
(100) steps only. (b) Effect of Ni dispersion: same 6y; but different Ocdge- (c) Effect of Oy;. The experimental value of the desorption peak
temperature” is marked by the green arrow. (d) Terrace only: Pt and Ni—Pt—Pt. For the different Ni clusters on Pt(111) in panels a—c, top views are
provided as insets. Instead, side views are provided for Pt and Ni—Pt—Pt surfaces in panel d. (e) Color maps of the N* local coverage at 644 K on
the y; = 0.1 surface. The local coverage is normalized with respect to the number of sites for each site type. (f) Total N* association rate (events per
second per site for each different site type) on the fy; = 0.1 surface. The inset shows the corresponding structure of the map and three association
channels. The white bars indicate one of the six edges of the hexagonal Ni cluster.

In contrast, on a stepped Ru(0001) surface, the corresponding
s1 and s2 sites bind N only 0.09 and 0.29 eV weaker than the f1
and h2 sites, respectively.>> On a Rh(211) step, the s2 site
binds N only 0.34 eV weaker than the h2 site.>®

N* Diffusion. The diffusion barriers are summarized in
Table S1 of the Supporting Information and panels ¢ and d of
Figure 2. Similar to pure metals, transition states for diffusion
involve bridge sites. Interestingly, we found a strong structural
effect when correlating the potential energies of the transition
state (TS) with those of the initial state (IS) (cf. the Supporting
Information). This structural effect can be understood on the
basis of the d-band theory. It is well-known that chemisorption
energies correlate linearly with the d-band center for various
adsorbates on transition metals.”* For N adsorption and
diffusion on Ru(0001), Hammer reported large differences in
bonding among bridge, fcc, and hep sites.>* For instance, hep
sites bind atomic N 0.4 and 0.7 eV stronger than fcc and bridge
sites, respectively (at the same d-band center of —2.0 eV). We
find a similar trend for N binding. However, in our case (bulk
Ni and Pt are fcc lattices), fcc hollow sites bind N slightly
stronger than hcp sites (<0.2 eV) and ~0.7 €V stronger than
bridge sites. For diffusional hops between hollow sites, the TS
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has a N adatom on a bridge site. For terrace or terracelike
structures, atoms in the IS and TS have the same d-band center.
Thus, diffusion entails a barrier of ~0.7 eV. For diffusion along
the lower part of the steps, both Ni and Pt atoms near the step
edges are involved. The upper Ni atoms of the step tend to
decrease the TS potential energy because of the upward-shifted
d-band center of these low-coordinate atoms. Thus, a lower
diffusion barrier (~0.4 eV) is found. For diffusion along or
across Ni edge atoms, where only edge Ni atoms are involved,
the diffusion barrier is even lower as a result of its early TS
nature.

The effect of coverage on barriers has also been examined.
The N binding energy decreases because of N—N repulsion, as
do both the IS and TS potential energies. As a result, the
diffusion barrier is only slightly affected. This coverage
dependence is captured by the Bronsted—Evans—Polanyi
(BEP) linear relation, in which the transition state potential
energy can be interpolated from either the initial or the final
state, depending on whether the TS is early or late along the
reaction coordinate.*>*

The potential energy profiles of the most preferred N
diffusion pathways are shown in panels ¢ and d of Figure 2.

dx.doi.org/10.1021/cs4005166 | ACS Catal. 2013, 3, 22482255
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Similar to stepped surfaces of pure metals, the barriers for
attachment to and detachment from steps are asymmetric:
attachment from the lower terrace to steps and detachment
from steps to the lower terrace entail barriers larger than that
on the upper terrace.>” For Ni clusters on Pt(111), however,
the difference is more pronounced than for pure metals. For
example, the barrier for detachment from steps to the lower
terrace (f1 to Pt) is more than 1 eV larger than from steps to
the upper terrace (fl to Ni—Pt—Pt). The energy profiles clearly
show that N atoms tend to diffuse from Pt to Ni terraces by
readily crossing the steps between them. Moreover, corner Ni
atoms facilitate diffusion from Pt to step sites on 6adNi(110),
following the f3 — h4 — sl path. Given that Ni—Pt—Pt binds
an N* 1 eV stronger than Pt (—0.58 vs 0.43 eV), it is expected
that Ni clusters serve as a reservoir of N atoms. These findings
differentiate bimetallic catalysts from stepped single metals.

N* Association. The structural sensitivity of N* association
on single metals has been discussed extensively in lieu of
ammonia synthesis.ss’57 We found a similar trend for Ni/
Pt(111) bimetallic systems. On terraces, two N atoms reside at
bridge or hollow sites at the TS. The association barriers are ~2
eV, indicating that N atoms diffuse away from each other
because of strong repulsion rather than recombination and
desorption. At an interfacial pair of sites (a step site and a Pt
terrace site, see s1-f3 or s2-f4 in panels a and b of Figure 2), the
TS is stabilized by minimizing bond sharing between the two N
atoms.>® The TS energetics, structures, and energy diagram are
shown in the Supporting Information. For 6adNi(110), the
largest barriers for diffusion and association are 1.15 and 1.28
eV, respectively. For 6adNi(100), the corresponding barriers
are 1.21 and 0.47 eV, respectively. As a result, desorption of N
from either step site (s1 or s2) entails a lower apparent barrier
than on a terrace, leading to fast desorption (see below).
Because N* binds stronger on Ni than on Pt, association at
interfacial sites has to be preceded by diffusion so that two N
atoms encounter each other (see Figure S4 of the Supporting
Information). Steps of Ni clusters on Pt(111) facilitate N,
desorption in a manner different from that of pure metal steps,
e.g, N association on Rh(211).%® In particular, diffusion and
spillover play an important role in bimetallics, because N atoms
tend to reside on Ni rather than on Pt. On pure metals, on the
other hand, the difference in binding energy between hollow
sites below or above the step is smaller than that of steps of Ni/
Pt(111).

KMC Simulations of TPD Spectra. Because N association
is kinetically preferred at steps, we infer that the Ni coverage
(fy;) may affect the N, desorption temperature. N atoms
occupy preferentially Ni hollow sites. At a high 6y, spillover of
N* from Ni to Pt terrace is difficult. Thus, Pt hollow sites near
steps are rarely occupied, leading to a high desorption
temperature. At a low 6y, on the other hand, there are a
limited number of interfacial sites, and thus, the desorption
temperature may be as high as on pure Ni—Pt—Pt or Pt. To
investigate the interplay of diffusion and association on the
mechanism and, thus, to examine the effect of nanostructure on
macroscopic behavior, we performed KMC simulations of
nitrogen TPD spectra on Ni/Pt(111) with Ni cluster(s) of
different sizes and shapes.

To quantitatively characterize the effect of microstructure
(step types) for a fixed amount of Ni on Pt, we first simulate
the TPD on 6adNi(110) and 6adNi(100) surfaces (Figure 3a).
For each case, Ni atoms are edge atoms (Ni edge fraction, Ocdge
=1). Some N, desorption events are observed as early as 550—

2252

600 K in Figure 3a. The peaks between 600 and 650 K are
attributed to the N* association at interfacial sites [channels (1)
and (2) in Figure 3f]. However, the association barrier at
interfacial sites of (100) steps is lower than that of (110) steps.
Consequently, the peak for 6adNi(100) appears at a temper-
ature ~30 K lower than that of 6adNi(110). The occupation
probability at steps sites is lower than that of Ni hollow sites;
these association channels are unimportant as the coverage
decreases (after 650 K). The peaks between 650 and 700 K in
Figure 3a are attributed to the N* association at the Ni hollow
sites near the step [channel (3) in Figure 3f].

To determine the effect of Ni dispersion, we fix fy; and
conduct simulations with different numbers of step sites
(Figure 3b). For both cases, the peaks at 600 to 675 K
correspond to N* association at interfacial sites [cf. channel (1)
and channel (2) in Figure 3f]. The peaks above 675 K are
mostly contributions from N* association at Ni fcc hollow sites
near edge Ni atoms of (110) steps [cf. channel (3) in Figure
3f]. However, the black curve has a higher fraction of Ni edge
atoms (6gge), indicating the higher probability of N, desorption
near the steps and, thus, an early desorption peak.

Next we examine the effect of Ni coverage Oy; by increasing
the size of the Ni cluster while fixing the step density. Figure 3¢
shows that when Oy; is sufficiently large (near 1 ML) to hold
most surface N atoms, N, desorption predominantly happens
from the Ni terrace (black curve in Figure 3c). The desorption
peak (Oy; ~ 0.9) appears at ~925 K, 300 K higher than that
from steps (red curve in Figure 3c, same as the red curve in
Figure 3b). This high desorption temperature results from the
fact that nitrogen atoms are mostly diffusing on the Ni terrace
rather than associating below 850 K. The coverage of Ni
drastically affects the N, desorption temperature.

The results at the 0 or 1 ML limit of fy; (for Pt and Ni—Pt—
Pt) are shown in Figure 3d. The N, association barriers on Pt
and Ni—Pt—Pt surfaces are 1.96 and 2.29 eV, respectively, and
the desorption peaks appear near 770 and 940 K, respectively.
In NH; decomposition, Hansgen et al. reported experimentally
a N, desorption temperature on Ni—Pt—Pt of 630 K and no
chemistry on Pt(111).° The former is in remarkable
quantitative agreement with our TPD calculations in panels a
and b of Figure 3. For Pt(111), the absence of the N, peak is
due to the weak NHj; adsorption energy, resulting in a lack of
decomposition. Our TPD simulations indicate that the low
experimentally observed N, desorption peak of 630 K on Ni—
Pt—Pt is attributed to Ni clusters on Pt(111); even if a full ML
of Ni is deposited, Ni adatoms start diffusing into Pt at ~600 K,
creating an incomplete Ni ML.>> We propose that such partial
ML structures form either in the synthesis or by diffusion of the
surface metal toward the bulk (given that the time scale for
mixing®" is comparable to that of a TPD experiment) that result
in the very high activity of the bimetallic catalyst seen
experimentally.

To visualize the active sites for N* associative desorption, we
take the Oy; ~ 0.1 and 04, = 0.3S structure as an example.
Spatial maps of N* local coverage and association rate are
shown in panels e and f of Figure 3. Figure 3e demonstrates
that, close to the desorption peak temperature, Ni edge sites
exhibit the highest coverage: the brown sites [Ni hollow sites
near the (100) step; cf. site h2 in Figure 2b] followed by the
yellow sites [Ni hollow sites near the (110) step site; cf. site fl
in Figure 2a]. The coverage on the Ni terrace is lower than that
of Ni edge sites but higher than on the Pt terrace. Furthermore,
Figure 3f clearly shows that most association events happen at

dx.doi.org/10.1021/cs4005166 | ACS Catal. 2013, 3, 22482255
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the interfacial pair of sites [channels (1) and (2)] and Ni
hollow sites near the (110) step [channel (3)].

It is important to discuss the stability of Ni clusters on
Pt(111). It has been reported experimentally that Ni may
exchange with Pt atoms (Pt segregates to the surface layer)
when 0.2 ML of Ni is deposited on Pt at 300 K in vacuum.®’
Higher Ni coverages raise the exchange barrier because of the
Ni—Ni interaction, as seen in the Ni/Cu system.'> We studied
the effect of such Ni—Pt exchange in the center of the Ni
cluster and found that the simulated TPD peak shifts only
slightly to higher temperatures (Figure SS of the Supporting
Information). Although the Pt—Ni—Pt structure is thermody-
namically favorable in vacuum, DFT calculations have shown
that when the N coverage is larger than ~0.3, the Ni—Pt—Pt
structure becomes favorable.®’ In our simulations, we start with
N coverage of 0.3 ML found in experiments (dose of ammonia
of ~107® Torr for 300 s). Thus, the Pt—Ni intermixing starting
temperature must be higher than in vacuum. Such an effect has
been seen in CO adsorption in the Ni/Cu system, where CO—
Ni binding stabilizes Ni atoms in the surface layers,18 and the
surface coverage of Ni depends strongly on the CO partial
pressure.'” High temperatures make it challenging to maintain
the active sites of catalysts. However, the nitrogen desorption
peak temperature is ~640 K, which is only 40 K higher than the
Pt segregation temperature under clean catalyst conditions.
Given that the N coverage is ~0.3, we believe that partial ML
structures form under practical catalytic UHV conditions, and
this is the reason why Ni on Pt is so active. Thus, the model
system (Ni cluster on Pt) in this work should be a reasonable
representation of catalytic activity.

It has also been reported that surface hydrogen atoms may
lower the self-diffusion barriers of metal adatoms through H—
metal complexes (“skyhook” effect). For example, the Pt self-
diffusion on Pt(llO) (1 X 2) is enhanced by formation of the
Pt—H complex®® by a reduction in the diffusion barrier of ~0.1
eV. A similar H skyhook effect is also observed on Ni(100).%
In our system, the H—H recombination barrier is so low that in
TPD experiments, the desorptlon temperature of H, is low
[e.g, ~350 K on Pt(lll)] As a result, there is no H left when
N desorptlon occurs. Given the high Ni diffusion barrier on Pt
(~1.7 eV*Y), hydrogen plays a minor role in Ni—Pt intermixing.

Next we focus on the relationship between Ni cluster
microstructure (size and shape) and N, desorption temperature
and provide a method for optimizing the nanostructure for
better activity. The desorption turnover frequency (TOF) can
be evaluated as

TOFx Y E[N*(l)—N*(z)]kBTT exp[—E, / (kyT)]
i=pathway
(1)
and entails the probability of finding an N*—N* pair p; [N*;)—
N*,)] multiplied by the rate constant. This is a generalized
Arrhenius equation regardless of island shape and size. To
describe the effect of microstructure, a structural parameter P, is

defined, which is the fraction of edge Ni atoms (Hedge) and the
coverage of exposed Pt, Oy (Op, + Oy = 1):
k= eedge(l - O 2)

P, measures the probability of finding a single N* near steps
(see the Supporting Information). For different Ni coverages,
the fraction of Ni edge atoms depends on the shape and
number of clusters.
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Figure 4 indicates that clusters with higher 6.4, values tend
to have lower nitrogen desorption temperatures; interfacial sites
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Figure 4. Relation between the structural parameter P and simulated
N, desorption peak temperature for different Ni clusters on Pt(111).
The dotted line is the fitted curve from Redhead’s analysis of TPD (cf.
the Supporting Information for details).

facilitate nitrogen association, and increasing their fraction is
desirable. A high 6y; leads to low N coverage on Pt, and
accordingly, interfacial sites are rarely occupied. As a result,
without association channels near steps, N, desorption happens
only from Ni terraces at high temperatures. To attain large
Ocgge Ni clusters should be small. The fitted curve in Figure 4
allows optimization of Ni cluster shape and coverage from a
handful of KMC simulations (Figure S6 of the Supporting
Information). Our simulations indicate that small clusters at
low Ni coverage (<0.5) are preferred for desorption, but a
sufficient number of Ni atoms on Pt is needed to adsorb and
decompose NH;. In our calculations in the Supporting
Information, we show that the cluster shape plays a secondary
role. This is because the desorption temperature is less sensitive
to the cluster shape as compared to Ni coverage. For fy; ~ 0.5,
we find narrow stripes to be optimal among triangles, hexagons,
and stripes.

In experiments, Ni loading has been reported to play a role.
For example, Yu et al. recently reported that 0.5 ML of Ni on
tungsten carbide (WC, which possesses some Pt-like proper-
ties) shows enhanced syngas production of acetic acid
decomposition over 1 ML and a thick Ni film.*® Our results
are qualitatively consistent with this experimental observation
and provide a platform for optimizing the nanostructure of
bimetallic catalysts.

B CONCLUSIONS

By employing multiscale modeling, we investigated the TPD
spectra of desorption of nitrogen from Ni clusters of different
sizes and shapes on Pt(111). We showed that nitrogen
association barriers near steps are lower than those on terraces,
and thus, the steps of Ni clusters on Pt(111) are essential for
N, desorption at temperatures of <700 K found experimentally.
Desorption from steps involves a pair of step and Pt terrace
sites or a pair of near-edge Ni hollow sites and has to be
preceded by diffusion. Diftusion barriers are structure sensitive.
In particular, N atoms diffuse from Pt terraces to Ni clusters by
readily crossing the steps. The reverse diffusion (spillover from
Ni to Pt) is difficult yet important for N, desorption, because
N* binds stronger on Ni. Diffusion parallel to the step (on both

dx.doi.org/10.1021/cs4005166 | ACS Catal. 2013, 3, 22482255
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upper Ni and lower Pt atoms) also entails lower barriers than
on Pt or Ni terraces. The diffusion time from Ni clusters to
edges leads to Ni cluster size-dependent reactivity. The
asymmetric diffusion and adsorbate distribution on the surface,
caused by the difference in the d-band centers of the metals,
differs from N, desorption at steps of pure metals. Overall, our
multiscale simulation identifies the active sites and the
bifunctional role of Ni/Pt(111) in ammonia decomposition,
whereby NH; decomposes on Ni clusters because of its
stronger adsorption. Nitrogen is mainly bound on Ni, and
desorption occurs primarily from cluster steps via spillover of
N* from Ni to Pt. Our results indicate for the first time that
there should be an optimal coverage and microstructure of the
second material (Ni) on the host (Pt) in ammonia
decomposition. Our simulation framework can be employed
to understand and eventually tune bimetallic catalytic materials
for arbitrarily complex chemistries.

B ASSOCIATED CONTENT

© Supporting Information

Effect of structure in N* diffusion, transition state energetics,
structures, and energy diagram, effect of Ni—Pt exchange in the
center of Ni cluster, and structural parameters of Ni clusters.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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