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Hydrogen Diffusion into Palladium Nanoparticles: Pivotal Promotion

by Carbon**

Konstantin M. Neyman* and Swetlana Schauermann*

Activated diffusion of hydrogen into the subsurface region of
metal nanoparticles is the central elementary step in many
technically relevant processes, such as storage, separation and
detection of hydrogen, development of switchable mirrors,
and fuel cells. In the field of heterogeneous catalysis, involve-
ment of subsurface hydrogen species in the hydrogenation of
the olefinic double bonds is a subject of a long-standing
discussion.['*) Recently, by employing hydrogen depth profil-
ing with nuclear reaction analysis (NRA) and transient
molecular beam experiments on model supported palladium
nanoparticles (PdNPs), the presence of subsurface hydrogen
atoms has been proven to be crucial for hydrogenation of 2-
butene.™ A striking observation of that study was that
persistent hydrogenation catalytic activity can be achieved
only in the presence of small amount of carbonaceous
species,™ a phenomenon for which the underlying micro-
scopic mechanisms have not yet been revealed. It has been
suggested that the promoting effect by co-deposited carbon is
due to facilitated diffusion of hydrogen atoms into the
subsurface state that governs hydrogenation activity.!! Two
microscopic-scale mechanisms have been invoked to ration-
alize a conceivable lowering of the activation barrier for
hydrogen diffusion into the subsurface in the presence of
deposited carbon: 1) a weakening of the binding of hydrogen
on the surface and 2)local elongation of Pd—Pd bonds,
rendering the surface more permeable to hydrogen.

Herein, we use computational studies to investigate the
microscopic origin of the carbon-assisted subsurface diffusion
of hydrogen atoms on Pd(111) terraces. Particular emphasis is
placed on exploring the role of carbon-induced expansion of
the palladium lattice in hydrogen subsurface diffusion, which
is addressed by comparison of the atomically flexible (111)
facets of PANPs with an extended laterally stiff Pd(111)
surface. Deposited carbon can dramatically enhance the
hydrogen diffusion rate into the subsurface region of PANPs,
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which is mainly due to local elongation of Pd—Pd bonds and a
concomitant lowering of the diffusion barrier. This change
may account for the unusual promotion of sustained hydro-
genation activity that was experimentally observed. In con-
trast, the lateral rigidity of the extended Pd(111) surface is
predicted to hinder the promotion of subsurface hydrogen
diffusion by deposited carbon atoms.

Figure 1 shows the production rate of [D,]butane resulting
from the reaction of cis-2-butene with D, over an initially
clean and a carbon-containing palladium-supported model
catalyst. PANPs of about 7 nm in size were prepared on a plain
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Figure 1. The hydrogenation reaction rate of cis-2-butene at 260 K over
initially D,-saturated clean (a) and carbon-precovered (b) model cata-
lysts Pd/Fe;O,/Pt(111).

Fe;0,/Pt(111) film using a well-established procedure. The
carbonaceous species on PANPs were prepared by annealing
co-adsorbed cis-2-butene and deuterium to 485 K,®! upon
which essentially complete dehydrogenation of olefin was
revealed both by temperature-programmed desorption
(TPD) and infrared reflection absorption spectroscopy
(IRAS). For reactivity measurements, the catalyst was first
pre-exposed to a continuous D, beam to saturate the particles.
A sequence of cis-2-butene pulses was then applied using an
independent beam source along with the continuous D,
exposure. On the pristine PdNPs (Figure 1a), the initial
period of high hydrogenation activity on deuterium-saturated
catalyst is followed by a decrease of the reaction rate to zero
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under steady-state conditions. Remarkably, carbon deposition
prevents the suppression of hydrogenation in the steady state
and results in persistent hydrogenation activity at the initially
high level (Figure 1b). Deposited carbon modifies only a
small fraction of the surface and, according to spectroscopic’®
and calculated” results, predominantly occupies the edge
sites of the PANPs, where essentially non-activated subsurface
diffusion of atomic carbon has been predicted theoretically.®!

The microscopic reasons for the decreased hydrogenation
activity on the clean catalyst could be deduced from the
combination of hydrogen depth profiling by NRA and
transient molecular beam experiments carried out at different
H,/D, pressures.! The initially high hydrogenation rate on
clean PANPs was assigned to subsurface deuterium atoms
present in PANPs directly following saturation with the D,
beam, but their concentration cannot be maintained at the
initially high level under steady-state conditions. This obser-
vation is most likely a consequence of the competition
between an activated process of H(D) subsurface diffusion
and the H(D) consumption in the H/D exchange reaction of
cis-2-butene. A conceivable explanation for the sustained
hydrogenation activity of carbon-containing PdNPs is facili-
tated hydrogen diffusion that enables replenishing the subsur-
face reservoir under steady-state conditions. It has been
proposed that carbon may decrease the activation barrier for
the subsurface H(D) diffusion, thus promoting persistent
hydrogenation.”!

To examine this hypothesis, we performed density-func-
tional calculations on model cuboctahedral Pd;y, nanoparti-
cles, which were shown to be representative for realistic
description of surface interactions present on larger PANPs
experimentally studied in model catalysts,”!"! especially for
sites near particle edges. Comparison with Pd(111) slab
models consisting of the surface unit cell (3 x 3) and six atomic
layers of Pd, namely Pd(111)9 x 6L, has been made to clarify
importance of the mobility of surface palladium atoms for
subsurface diffusion of adsorbed hydrogen.

At a low-coverage, 0;—0, where one hydrogen atom
interacts with the central fcc site of a (111) facet of the Pd,
particle, we calculated hydrogen in the octahedral subsurface
(oss) position just beneath the fcc surface (H*) to be less
stable than the surface H™, by about 30 kJmol~' (Table 1).
On Pd(111), the H* species are further stabilized relative to
the H®* species, and the subsurface diffusion barrier drasti-
cally increases by 17 kI mol™" relative to Pd,,.

Table 1: Energies of H adsorbed on and absorbed in the subsurface of Pd;, and the subsurface diffusion

barrier in the central Pd; site (see Figure 2).”!

Figure 2 shows Pd;y models that represent more realistic
experimentally investigated® case of subsurface hydrogen
diffusion on the hydrogen-saturated surface (6~ 1 ML). Six

Figure 2. Pd,, nanoparticle with six H"® atoms (a) and those with
subsurface C atoms, Pd;4C; (b) and Pd;sCq (). The triangles indicate
the Pd; moiety through which we studied subsurface diffusion of the
central atom H.. Pd turquoise, C black, H"? pink, H/H°* yellow.

H"P atoms were placed on the (111) facet and an additional H
atom was positioned in the central fcc site. For this H* atom,
the binding energies and the activation barriers for diffusion
to the subsurface oss position right below the surface
adsorption site were calculated both on the pristine (Fig-
ure 2a) and carbon-containing Pd; (Figure 2b and 2c). On
the pristine nanoparticle, H*?¢Pd,,, the subsurface H** atom
was almost isoenergetic with the surface H™ atom (E,,
(H*®) = 206 kJ mol ™" vs. E,4(H™) =—201 kJmol™") and the
activation barrier for hydrogen subsurface diffusion was
computed to be 17 kImol~'. Upon addition of three subsur-
face carbon atoms (Figure 2b), the subsurface H** atom
became clearly energetically favored over the surface atom
(Es(H*) = =204 kI mol ! vs. E,(H*) = —185 kImol™), so
that the thermodynamic driving force could be identified for
hydrogen subsurface diffusion, which mainly arises from
weaker adsorption interactions of the surface hydrogen atom.
Moreover, the activation barrier for this process, about
2kJmol™, is nearly eliminated. At
a typical reaction temperature of
250-260 K, such a decrease of the

activation barrier corresponds to an

hep hep hep
Pdhs H™ePdhs H™ePdisCs H™ePdnCs increase of the hydrogen subsurface
Eoas(H™) [k)mol ] —238 (—243) —201 (=155) —185 (-136) unstable diffusion rate by three orders of
AE” [lj mol™] 29 (46) 17 (29 2 (0 - magnitude relative to the carbon-
E,ps (H™) [k mol ] —209 (—202) —206 (—199) —204 (—174) —187 ; ticle. Favori bsurf
dyore [P 263 (275) 271 (275) 282 (275) 295 ree parficie. ravorng subsurlace
dg; [pm] " 269 (280) 275 (277) 288 (277) unstable ~ hydrogen is even more pronounced
d* [pm]® 286 (291) 289 (288) 296  (288) - on the substrate Pd;, containing six
d,s [pm] ™! 263 (285) 272 (277) 285 (277) 299 carbon atoms (Figure 2¢). In this

[a] Values in parentheses are for the slab models Pd(111)9x 6L in which monolayer coverage has been
considered to be nine H"P atoms per unit cell instead of six H"® atoms on a (111) facet of a Pd,, particle.
[b] Pd—Pd distances in the Pd; moiety. [c] Models without the central H*/H°** atoms.
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case, it was not possible to stabilize
an hydrogen atom in the surface fcc
position. Instead, a spontaneous
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migration into the subsurface oss position took place when we
attempted to optimize the geometry of the system.

This trend can be understood in terms of carbon-induced
palladium cluster distortions assisting in the subsurface
hydrogen diffusion. For that, we analyzed the average Pd—
Pd bond lengths d within the surface central Pd; moiety
nearest to the diffusion site (Table 1), labeled by a yellow
triangle in Figure 2. On carbon-free Pd,,, the H"? overlayer
extends the Pd—Pd distance dy,. by 8 pm. Three and six
carbon atoms added to H"”¢Pd,, further increase d,. by 11
and 24 pm, respectively, pointing to a high ability of carbon to
expand the palladium lattice.

There is a distinct correlation between the activation
barrier AE™ for subsurface H diffusion and the Pd—Pd
distance d* in the transition state (TS): the most-expanded
Pd; moiety in the carbon-containing H"?Pd,,C; cluster,
having d* =296 pm, corresponds to the lowest (essentially
zero) activation energy, whilst AE* noticeably increases for
the less-expanded configurations without carbon (AE™ =
17kIJmol™!, d*=289pm) and without H"P (AE*=
29 kImol™', d* =286 pm). This result shows that the low-
barrier TS requires space in the form of a large Pd; opening,
and nearby carbon atoms efficiently assist in elongation of the
Pd—Pd bonds; the hydrogen overlayer was found to act in a
similar way but to a lesser extent. In the H"P(Pd,,C,; model
with six carbon atoms, the initial Pd; opening d,,,. =295 pm is
already almost as large as the d* found for the lowest-energy
TS, and therefore the subsurface diffusion of hydrogen occurs
spontaneously. This result corroborates our finding on a
crucial role of carbon-induced local lattice expansion of
PdNPs with rather flexible Pd—Pd bonds in facilitation of
hydrogen subsurface diffusion. Our comparative slab data
(Table 1) reveal smaller carbon-induced facilitation of the
subsurface hydrogen diffusion on the laterally rigid Pd(111)
surface. Based on higher barriers of carbon subsurface
diffusion on Pd(111) terraces than on near-edge sites of
PdNPs,® only a limited enhancement of subsurface hydrogen
diffusion by co-adsorbed carbon is expected on the extended
Pd(111) surface compared to PANPs. Subsurface carbon in
Pd, is calculated to notably alter positions of palladium
atoms in the second coordination sphere as well, causing
elongation of some Pd—Pd distances involving the next-
nearest neighbors to carbon by up to about 10 pm. Thus, not
only the surface palladium layers of (111) facets are made
strongly more permeable by subsurface carbon for the
penetration of hydrogen, but this effect extends in a notice-
able size to the subsurface palladium layer and probably also
to the layer beneath it, thus assisting in the hydrogen diffusion
into the metal bulk.

In summary, we have shown that carbon species can
dramatically enhance the rate of hydrogen subsurface diffu-
sion in PANPs by lowering the activation barrier, which can
account for the experimentally observed unusual promotion
of sustained hydrogenation activity. Our calculations reveal
that this enhancement arises partly from notable destabiliza-
tion of surface hydrogen atoms on PdNPs in the presence of
carbon, and, more importantly, from carbon-induced expan-
sion of the surface openings for penetration of hydrogen into
subsurface region. The latter process is accompanied by a
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strong reduction or elimination of the activation barriers. Our
data demonstrate conceptual importance of the atomic
flexibility of sites near particle edges that, in contrast to
intrinsically rigid regular single crystal surfaces, plays a crucial
role in hydrogen subsurface diffusion on palladium.

Experimental Section

The DF calculations were performed with the help of plane-wave
VASP! code using local density (LDA; VWN exchange-correlation
functional) and generalized gradient (GGA; RPBE functional™!)
approximations. Basis sets with kinetic energy of plane waves up to
415 eV were employed. The effect of the Pd1s>~4p® and C1s* core
electrons on the valence electron density was accounted for by the
projector-augmented wave (PAW) method."! A 5x5x 1 k-point grid
was used for the models based on the six-layer Pd(111) slab with a 3 x
3 surface unit cell; calculations of a Pd;y nanoparticle and complexes
of H and C on it were carried out at the I" point. Interactions of H
atoms with pristine and C-covered Pd;, clusters were calculated for
the fully optimized structures; only in the slab models were Pd atoms
of the lowest two layers kept fixed at the experimentally determined
positions. The geometric relaxation was stopped when all remaining
forces acting on atoms were less than 0.015 eV A~". Transition states
were searched in a point-wise fashion along the path connecting
adsorption and absorption configurations at fixed heights of the H
atom over the nearby surface Pd; moiety. The structures near the TS
were refined by a quasi-Newton method. The proper character of the
adsorption, absorption minima, and of transition states was confirmed
by analysis of vibrational frequencies of the H atoms. All binding and
activation energies presented above, corrected for the zero-point
vibrational energy of H, are calculated in a single-point fashion for
the structures optimized at the VWN level using the RPBE func-
tional.™®! In such a way, notable overestimation of Pd—Pd bond
lengths in a GGA structural optimization® and concomitant
artificially enhanced permeability of Pd to atomic H is counteracted.
Our benchmark calculations using RPBE functional for the structure
optimization as well indeed revealed somewhat higher permeability
of Pd substrates for H, but all our findings on the subsurface diffusion
of H in the presence of C remained the same as obtained in the
combined RPBE/VWN description.

Molecular beam experiments were performed at the Fritz-Haber-
Institut (Berlin) in a UHV apparatus described in detail previously.'®)
An effusive doubly differentially pumped multi-channel array source
was used to supply D,. A supersonic beam, generated by a triply
differentially pumped source from a supersonic expansion and
modulated by a solenoid valve and a remote-controlled shutter, was
used to generate the cis-2-butene beam (Aldrich, >99%). An
automated quadrupole mass spectrometer system (ABB Extrel)
continuously monitored the partial pressure of the reactants (cis-2-
butene, C;H; fragment detected at 41am.u.) and products
([D,]butane, C;HsD, fragment at 45 a.m.u.). The QMS data were
corrected for the natural abundance of *C.

The thin (ca. 100 A) Fe;0, film was grown on a Pt(111) single-
crystal by repeated cycles of Fe (>99.99%, Goodfellow) physical
vapor deposition and subsequent oxidation (see Refs.[6,17] for
details). Pd particles (>99.9 %, Goodfellow) were grown by physical
vapor deposition using a commercial evaporator (Focus, EFM 3, flux
calibrated by a quartz microbalance) with the sample temperature at
115K. The final Pd coverage was 2.7 x 10"> atomscm > and the
resulting surface was stabilized via a few cycles of oxygen (8x
1077 mbar for 1000s) and CO exposures (8x 10~ mbar for 3000 s)
at 500 K.I?! For carbon deposition, two Langmuir (1 L =107° Torrs)
cis-2-butene were adsorbed on the H (or D)-saturated Pd clusters at
100 K and decomposed by heating to 485 K (see Refs. [4,5] for
details).
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