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Abstract 

The migration of species across interfaces can crucially affect the performance of heterogeneous 
catalysts. A key concept in using bimetallic catalysts for hydrogenation is that the active metal 
supplies hydrogen atoms to the host metal, where selective hydrogenation can then occur. 
Herein, we demonstrate that, following dihydrogen dissociation on palladium islands, hydrogen 5	
atoms migrate from palladium to silver, to which they are generally less strongly bound. This 
migration is driven by the population of weakly-bound states on the palladium at high hydrogen 
atom coverages which are nearly isoenergetic with binding sites on the silver. The rate of 
hydrogen atom migration depends on the palladium−silver interface length, with smaller 
palladium islands more efficiently supplying hydrogen atoms to the silver. This study 10	
demonstrates that hydrogen atoms can migrate from a more strongly-binding metal to a more 
weakly-binding surface under special conditions, such as high dihydrogen pressure.  

Significance Statement 

The energy efficiency of catalytic processes hinges on achieving high selectivity and activity; 
bimetallic catalysts have potential to increase both by exploiting different chemical properties of the 15	
components. Transport of intermediates between the two metals, for example transport of hydrogen 
atoms for selective hydrogenation, is required to capitalize on this bifunctionality. A novel 
mechanism for the migration of hydrogen atoms to silver from palladium is demonstrated here.  
Dihydrogen first dissociates on palladium, then forms a dense hydrogen phase on the palladium 
island. The dense phase includes weakly-bound hydrogen atoms that are nearly isoenergetic with 20	
hydrogen on silver, rendering migration nearly energy neutral. The efficiency for hydrogen migration 
across the palladium−silver is maximized for small ensembles of palladium atoms. 
 
 
Main Text 25	
 

Introduction 

 

The development of efficient and selective catalytic systems is of paramount importance in 
producing a broad spectrum of chemicals and fuels that are critical to the world economy. One of 30	
the major challenges in increasing the efficiency of catalysts is to achieve high selectivity while 
maintaining high activity. To this end, materials based on coinage metals (copper, silver and gold) 
have been intensely studied because of their potential as highly selective hydrogenation  
catalysts (1–6). While coinage metals have potential for selective hydrogenation, they do not 
efficiently dissociate dihydrogen (7–9). Meanwhile, platinum-group metals (nickel, palladium, 35	
platinum) facilely induce dihydrogen dissociation (7, 10); however, the selectivity for desired 
hydrogenation reactions is often lower on these materials (11–13). A potential solution is to 
combine the functionality of these two types of metals by using a bimetallic surface where hydrogen 
atoms can be created by the reactive metal and then supplied to the less reactive but selective 
metal (11–24). Specifically, palladium−silver catalysts show increased selectivity over palladium 40	
catalysts, stimulating significant discussion regarding the effect of silver on increasing selectivity 
(21–23, 25–30). 

In order to exploit the bifunctionality of bimetallic catalyst materials, migration of chemical 
intermediates from the reactive component to the more selective material is necessary. Specifically, 
migration of hydrogen atoms formed on palladium to silver offers a way to enhance selectivity by 45	
promoting hydrogenation reactions on silver (31, 32). Hydrogen atom migration (often called 
“spillover”) has been demonstrated across a number of metal/metal oxide and metal/metal 
interfaces (16–19, 33–42). However, the migration of hydrogen atoms from palladium to silver is 
enthalpically unfavorable, making it a difficult process. In fact, hydrogen atom migration has not 
been observed on bimetallic interfaces which contain a metal component, such as gold or silver, 50	
where hydrogen atom adsorption by dihydrogen dissociation is endothermic (∆H > 0). Previous 
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work suggested that hydrogen atom migration will not occur for alloy catalysts with single palladium 
atoms in gold, or silver by comparison, in the absence of adsorbates (17). At the same time, single 
atom alloys of palladium in silver are selective catalysts for acrolein, nitroarene and alkyne 
hydrogenation, suggesting that migration should be possible (43, 44).  

Herein, we demonstrate hydrogen atom migration to a metastable site on silver following 5	
dihydrogen dissociation on a palladium island. The migration of the hydrogen atoms to silver is only 
observed for high hydrogen atom coverages. First, dihydrogen dissociates on palladium forming 
up to ~ 0.5 monolayers (ML) of hydrogen atoms on the palladium islands. Increasing the dihydrogen 
exposure, leads to creation of a dense phase of hydrogen atoms on the palladium and the formation 
of metastable hydrogen atoms on silver with coverages of up to 1.05 ± 0.10 ML (palladium) and  10	
0.56 ± 0.06 ML (silver). The palladium−silver interface length controls the rate of hydrogen atom 
migration to silver, where small islands of palladium are most efficient. An energetically feasible 
migration pathway was discovered in which weak hydrogen atom adsorption on palladium-
containing sites can facilitate migration to silver. This study clearly demonstrates that hydrogen 
atom migration can occur even to a metal, e.g. Ag, to which hydrogen atoms weakly bind. 15	
 

 

Results 

 
Imaging the island structure 20	
Single layer hexagonal islands of palladium predominantly form after palladium deposition onto 
Ag(111) at 300 K for total coverages below a monolayer (ML), as determined by scanning tunneling 
microscopy (STM) experiments (Figure 1) (45). A clean Ag(111) surface with a monoatomic step 
edge shows that the silver terraces are largely defect free (See SI Appendix, Figure S1). The 
apparent height of the palladium islands measure approximately 145 pm which is lower than a 25	
palladium step height on Pd(111), 226 pm (46). The difference between the apparent height 
measured by STM and the physical height of the palladium island is due to the fact that STM images 
are a convolution of the physical topography of the surface and the density of electronic states of 
its components as well as the tip itself (47). Simply put, the palladium island is less electrically 
conductive than the surrounding silver host, therefore the measured island height is lower than the 30	
actual height of a monoatomic step edge on Pd(111). The bright protrusions on the palladium 
islands are due to adsorption of small amounts of background gases during data acquisition at 5 
K. Notably, there is very little etching of the silver surface after alloying with palladium at room 
temperature. As reported previously, heating to 400 K and above induces etching of silver which 
migrates to cap the palladium islands (45). 35	
 
Characterizing uptake of atomic hydrogen by the island-covered surface 
There is clear evidence that dihydrogen dissociates on the palladium-covered Ag(111) surface from 
temperature programmed desorption experiments (Figure 2A). Distinct dihydrogen desorption 
features were observed at 185 K and 240 K following exposure of 0.45 monolayers (ML) of 40	
palladium deposited on Ag(111) to dihydrogen at 150 K (Figure 2A). There was no detectable 
adsorption of dihydrogen on clean Ag(111) under the same conditions, in agreement with previous 
work (48–50), demonstrating that palladium is essential for dissociation. Further, hydrogen atoms 
recombine and desorb in the range of 310 – 370 K from otherwise clean palladium surfaces (51), 
and hydrogen atoms recombine on silver in the range of 180 – 190 K (49, 50, 52). Therefore, the 45	
desorption peak at 240 K (Figure 2A) is attributed to recombination of hydrogen atoms associated 
with the palladium islands. The lower desorption temperature for dihydrogen originating from 
palladium islands on Ag(111) versus Pd(111) is attributed to weaker hydrogen atom binding to the 
islands based on DFT calculations (See SI Appendix, Table S2). These form rapidly at low 
dihydrogen exposures, their coverage increasing more slowly with increasing dihydrogen exposure 50	
(Figure 2). The desorption feature at 185 K is attributed to hydrogen atoms associated with the 
silver. For convenience we define these two states of binding as θH/Pd and θH/Ag, respectively. 

The hydrogen atoms associated with silver begin to appear near a local hydrogen atom 
coverage of 0.6 ML on the palladium islands (Figure 2B). For example, a 5.9 Langmuir  
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(1 Langmuir = 1 L = 10-6 Torr s-1) exposure of dihydrogen to the Ag(111) surface with 0.45 ML of 
palladium solely populates the sites associated with palladium (240 K). The feature at 185 K is first 
observed for a 59 L exposure of dihydrogen and grows in intensity with increasing exposure of 
dihydrogen (Figure 2A). The rate of populating the 240 K feature appears to decrease significantly 
as the local coverage of hydrogen atoms associated with palladium, θH/Pd, exceeds ~ 0.6 ML, as 5	
indicated by the logarithmic dependence of the coverage on the dihydrogen exposure. A similar 
phenomenon, reported for Pd(111), is explained by dissociation of dihydrogen by threefold 
adsorption site vacancy-aggregates which become vanishingly small near 0.67 ML of adsorbed 
hydrogen atoms (53). Accordingly, a low sample temperature that limits hydrogen atom diffusion 
requires a rather large dihydrogen exposure to achieve a hydrogen atom coverage of ~ 1 ML for 10	
both palladium islands on Ag(111) (Figure 2) and for Pd(111) (53, 54). We attribute the higher 
binding energy state to adsorption of hydrogen atoms on the palladium islands. The population of 
hydrogen atoms associated with silver, θH/Ag, only begins after the local coverage of hydrogen 
atoms on the palladium islands reaches ~ 0.6 ML.  

The amount of hydrogen atoms adsorbed on silver vs. that on palladium (θH/Ag vs. θH/Pd) 15	
follows a constant stoichiometry of 1.0 :1.0 starting at θH/Pd near 0.6 ML (Figure 2B). In our 
experimental conditions θH/Pd approaches a limiting value of 1.1 ML, and θH/Ag approaches 0.6 ML 
at the highest dihydrogen exposures (Figure 2B). These values are in excellent agreement with 
published values of saturation coverages of atomic hydrogen on Pd(111) (1.0 ML) (53) and Ag(111) 
(0.6 ML) (49), implying that θH/Pd and θH/Ag are near saturation at these high exposures to 20	
dihydrogen. 

The coverages of hydrogen atoms in the two binding states depend on the coverage of 
palladium (Figure 3A). At all palladium coverages studied the palladium mainly aggregates into 
monolayer islands, leading to a proportional decrease in exposed silver as the palladium islands 
grow. Above 0.10 ML palladium bilayer high islands emerge; however, the second layer 25	
accumulation is a minority feature which does not contribute significantly to the overall growth 
process. The absolute coverage of the peak at 240 K increases roughly linearly with palladium 
coverage, providing further evidence that this peak is associated with hydrogen atom recombination 
on the palladium islands (Figure 3B). The absolute coverage of hydrogen atoms in the peak at  
185 K, attributed to hydrogen atoms associated with silver, increases with increasing palladium 30	
coverage, albeit more gradually than dihydrogen desorption at 240 K from palladium (Figure 3B). 
The changing ratio of θH/Pd and θH/Ag over the range of palladium coverage suggests that small 
islands of palladium more efficiently facilitate hydrogen atom migration to silver (Figure 3C). 

The amount of hydrogen transferred from the palladium islands to the silver can be 
rationalized from a simple model that relates the palladium−silver interface length to the palladium 35	
coverage (See SI Appendix, Table S1, Figure S2). Briefly, the steady-state concentration of 
hydrogen atoms on palladium and abundant open adsorption sites for hydrogen atoms on silver 
are assumed. The palladium−silver interface length was estimated for a given palladium coverage 
by establishing a relationship between palladium coverage and hexagonal palladium island size 
(See SI Appendix, Table S1, Figure S2). The change in palladium−silver interface length with 40	
palladium coverage agrees well with the amount of hydrogen atoms on the silver surface, implying 
a direct relationship of the perimeter in controlling the migration of hydrogen atoms to silver (Figure 
3C). Furthermore, there are an insufficient number of interface sites to account for the amount of 
dihydrogen that desorbs at 185 K for large exposures of dihydrogen. Therefore, the 185 K peak is 
not due solely to desorption of hydrogen atoms bound to palladium edge sites, providing support 45	
for the assertion that this peak also contains hydrogen atoms bound to silver. 
 
Clarifying the bonding of atomic hydrogen to the surface by vibrational spectroscopy 
Further evidence for hydrogen atoms bound to palladium was obtained with high resolution electron 
energy loss vibrational spectroscopy (HREELS). Prior studies show vibrational modes at both 700 50	
and 1080 cm-1 for hydrogen atoms on Pd(111) and PdAu(111) surfaces (55, 56). These modes 
have been assigned to the vertical and horizontal displacement of hydrogen atoms bound in three 
fold hollow sites on Pd(111), respectively. Similar modes were observed here for hydrogen atoms 
adsorbed on a multilayer (4 ML) palladium film grown on the Ag(111) surface (Figure 4A), as would 
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be expected for the thick, uniform Pd(111) layer. The assignments of these modes are also in 
agreement with density functional theory (DFT) computations for a slab model using the palladium 
lattice constant, described below, that yield values of 1050 cm-1 and 700 cm-1. 

The characteristic vibrational peaks at 1080 and 700 cm-1 for hydrogen atoms bound to 
palladium are also observed for the silver surface covered by palladium islands (θPd = 0.50 ML) 5	
(Figure 4B). The vibrational frequency of hydrogen atoms bound to palladium does not shift 
significantly for palladium islands on Ag(111) compared to Pd(111) based on DFT calculations (See 
SI Appendix, Table S2). As the exposure of dihydrogen was increased from 5 to 50 L, the peak at 
1080 cm-1 assigned to hydrogen atoms adsorbed at three-fold palladium sites increases 
significantly in intensity. The areas of the corresponding desorption peaks do not change 10	
proportionally over this range of dihydrogen exposures (Figure 2), suggesting that the intensities of 
the vibrational peaks do not scale linearly with coverage. A similar phenomenon was observed for 
hydrogen atoms on Pd(311) (57).  

A distinct new mode appears at the higher (50 L) dihydrogen exposure (Figure 4B). It is 
notable that this feature appears at the dihydrogen exposure that corresponds to the emergence 15	
of the dihydrogen desorption feature at 185 K assigned to the population of the Ag(111) surface by 
hydrogen atoms. The vibrational mode at 830 cm-1 is therefore assigned to the perpendicular 
vibration of hydrogen atoms adsorbed on silver in agreement with previous studies of hydrogen 
atoms on Ag(111) and Ag(110) and suggested by our DFT calculations on Ag(111) (801 cm-1) (48, 
58). These data clearly demonstrate that a new state, attributed to hydrogen atoms bound to silver, 20	
is populated at relatively high dihydrogen exposures.  
 
Visualization of hydrogen atoms on silver by scanning tunneling microscopy 
 
Direct visualization of hydrogen atoms on the Ag(111) regions amidst the Pd(111) islands was 25	
achieved by scanning tunneling microscopy at 5 K, providing further evidence for hydrogen atom 
migration from palladium to the Ag(111) (Figure 5). A clean Ag(111) surface with a monoatomic 
step edge shows largely defect free silver terraces (See SI Appendix, Figure S1). After deposition 
of 0.05 ML of palladium on Ag(111), palladium appears as one atomic layer high hexagonal islands 
(Figure 1). Following exposure to 20 L of dihydrogen, mobile depressions were observed on 30	
Ag(111), consistent with previous reports of hydrogen atom migration on CoCu(111) (40) and 
Cu(111) (59) (Figure 5). Hydrogen atoms appear in STM images as depressions (~ 30 pm) because 
of the lower electron tunneling probability through the hydrogen atom-metal complexes compared 
to the bare metals (Figure 5) (40, 59). The depressions on silver which are attributed to hydrogen 
atoms (~ 30 pm) are distinct from impurities observed on Ag(111) (~ 50 pm) (See SI Appendix, 35	
Figure S3). Additional evidence for the assignment of hydrogen atoms is that the ~ 30 pm deep 
depressions are mobile (See SI Appendix, Figure S4). Under non-perturbative imaging conditions 
at 5 K, common impurities (e.g. S, CO, H2O, etc.) are not observed to diffuse; however, hydrogen 
atoms can tunnel through the diffusion barrier and are mobile (59). The number of hydrogen atoms 
imaged on silver is small because of the low dihydrogen exposure (20 L) and the low palladium 40	
coverage (θPd = 0.05 ML). 
 
Density functional analysis of the bonding of atomic hydrogen and its migration on the surface 
Density functional theory (DFT) calculations provide important insight into the bonding of hydrogen 
atoms on palladium islands as a function of coverage. The palladium overlayer was modeled by a 45	
periodic monolayer on Ag(111) in 1 × 1 epitaxy, the palladium having either the silver or the 
palladium lattice constant, depending on the hydrogen atom coverage. In the absence of hydrogen 
atom adsorbates, the palladium island has an average Pd−Pd distance close to that in bulk 
palladium, in line with the lower palladium chemical potential in the overlayer with palladium lattice 
constant. We assume that this periodicity is maintained at low hydrogen atom coverages. Hydrogen 50	
atoms bind most strongly to threefold (fcc) sites on the palladium overlayer, with an adsorption 
energy of − 0.84 eV (− 81 KJ mol-1 ) on the overlayer with the palladium lattice vs. − 1.12 eV  
(− 108 KJ mol-1) with Pd with the silver lattice constant at a hydrogen atom coverage of 1 ML. All 
adsorption energies, except otherwise noted, are for two adsorbed hydrogen atoms with respect to 
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H2 in the gas phase, having a negative value when exo-energetic. Hydrogen atom adsorption on 
Ag(111) is also preferred on the fcc hollow site, with an adsorption energy of + 0.34 eV  
(+ 33 KJ mol-1) and hence is unfavorable versus H2 gas (60). The adsorption energy of hydrogen 
atoms is only weakly dependent on the hydrogen atom coverage on both metals. The vibrational 
frequencies are calculated to be 1050 and 700 cm-1 for the perpendicular and parallel motions of 5	
the hydrogen atoms on a single layer of palladium on Ag(111) (with the palladium lattice constant), 
in excellent agreement with experiment (Figure 4). The vibrational frequency for the mode 
perpendicular to the surface shifts from 1050 cm-1 for the palladium lattice constant to 800 cm-1 if 
the lattice constant is expanded to the silver lattice. Hence, the predominance of the 1080 cm-1 
peak at low hydrogen atom coverage signifies that the palladium lattice constant is favored at such 10	
coverage. 

Dihydrogen adsorption is strongly favored on palladium over silver as long as two 
neighboring vacant hollow sites are available. At intermediate hydrogen atom coverages, isolated 
unoccupied hollow sites become dominant on the palladium. When only these isolated sites are 
available, dihydrogen dissociation is still thermodynamically and kinetically possible if one 15	
hydrogen atom occupies a hollow site on palladium and the other hydrogen atom occupies a hollow 
site on silver, based on DFT calculations (Figure 6). From a thermodynamic perspective, the 
stabilizing adsorption energy of one hydrogen atom on this palladium site (− 0.51 eV (− 49 kJ  
mol-1)) compensates the endo-energetic adsorption for the second one on silver ((+ 0.34 eV / 2) = 
+ 0.17 eV (+ 16 kJ mol-1)), to provide a pathway that is net energetically favorable for dissociation 20	
of the molecule (− 0.34 eV (− 33 kJ mol-1)) when the initial surface has a hydrogen atom coverage 
of 0.75 ML. A pathway is calculated for such a process for the palladium overlayer with a high 
coverage of hydrogen atoms that leaves isolated, vacant fcc hollow sites (IS, Figure 6). 
Furthermore, computations for a 12-atom palladium island on the Ag(111) (See SI Appendix, Figure 
S7) indicate that at high (1 ML) hydrogen atom coverages, the Pd−Pd distance in the island is 25	
elongated by 3.5 %. Thus, because of the high coverage of hydrogen atoms at which the transfer 
of hydrogen atoms becomes possible to the silver, the silver lattice constant was used for the 
palladium overlayer to model the transfer pathway. 

Additional dihydrogen molecules can dissociate on this surface (IS) by populating an 
available fcc site and a neighboring surface hcp site (Figure 6, IM1), with a net favorable adsorption 30	
energy of − 0.37 eV per H2 (− 35.7 kJ mol-1), reaching a coverage of 1.25 ML. This “extra” hcp 
hydrogen atom (Figure 6, IM1) is unstable with respect to ½ H2 in the gas phase by + 0.20 eV  
(+ 19.3 kJ mol-1). The atom added to the hcp site is nearly equivalent in energy to a hydrogen atom 
bound to silver, thus establishing that migration is energetically allowed. Migration of this “extra” 
hcp hydrogen atom can occur by an exchange process, with an overall barrier of + 0.31 eV  35	
(+ 29.9 kJ mol-1), in which a neighboring fcc hydrogen atom is displaced to a hcp site ((TS1, IM2)), 
followed by refilling of that site by the extra hcp hydrogen atom takes the place of that displaced 
atom (TS1’, IM1’). A subsurface pathway is also energetically possible, but it is slightly less 
favorable (See SI Appendix, Figure S8). When at the edge of an island, the “extra” hydrogen atom 
can migrate to silver nearly iso-energetically (FS, − 0.34 eV (− 32.8 KJ mol-1)) (per H2), as shown 40	
by calculations on Pd12 islands (See SI Appendix, Figure S7). The specific modelling of the diffusion 
across the edge of the island model yields a relatively small activation energy (+ 0.33 eV (+ 31.8 
KJ mol-1)) (See SI Appendix, Figure S7), that is comparable to the barrier for migration.  

The DFT calculations hence demonstrate that hydrogen atom migration from the palladium 
island to the silver surface is energetically possible as long as there is a high enough hydrogen 45	
atom coverage on the palladium island; otherwise the adsorbed hydrogen atom is too stable and 
unable to migrate to silver. This result is well in line with the experimental observation of a threshold 
hydrogen atom coverage on palladium (0.55 ML), below which migration to silver is not seen. 
Theory shows that isolated vacant fcc sites are required. Since hydrogen atoms on silver are not 
stable versus ½ H2 in the gas phase, formation of hydrogen atoms on silver is only possible from 50	
dihydrogen dissociation if palladium sites are simultaneously populated, to render dihydrogen 
chemisorption an overall stabilizing effect. The model shows that an energetically favorable process 
occurs when one hydrogen atom populates an fcc site on the palladium island every time that a 
hydrogen atom migrates to silver (Figure 6). This is good agreement with the experimental slope 
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of ~ 1 for the ratio of desorption from the peaks attributed to palladium (240 K) and silver (185 K) 
(Figure 2C).  
 
 
Discussion  5	
 
Understanding the migration of hydrogen atoms on bimetallic surfaces is crucial in promoting 
synergistic effects between the metal components for hydrogenation reactions. Here, models for 
palladium−silver catalysts established that palladium can serve as a hydrogen atom source for 
silver but only under specific conditions—where the hydrogen atom coverage is high on palladium 10	
and where palladium islands (not just single atoms) are present. The accessibility of weakly bound 
hydrogen atoms on silver could have significant implications for the design of palladium−silver 
catalysts for controlling the selectivity and activity of hydrogenation reactions, where silver has a 
high selectivity and low activity while palladium has a low selectivity but high activity. Palladium 
catalysts can be very selective at low conversions (61), however palladium−silver catalysts exhibit 15	
higher selectivity than palladium catalysts at the same conversions (30). At the temperature of the 
catalytic reaction (e.g., room temperature), hydrogen atoms on silver will quickly recombine and 
desorb as dihydrogen but a low hydrogen atom coverage on silver could exist as metastable 
reactive hydrogen atoms. An investigation into the reactivity of migrated hydrogen atoms on silver 
for hydrogenation chemistry as a function of dihydrogen pressure and temperature is required to 20	
evaluate the possible contribution of this mechanism to a catalytic system. 

Although formation of two hydrogen atoms on silver is endothermic relative to gas phase 
dihydrogen, previous experiments have established that hydrogen atoms remain kinetically trapped 
on silver when they are directly impinged on the surface at low temperature (49, 50, 52). Hence, if 
palladium serves as a source of hydrogen atoms, they can remain on silver, which is consistent 25	
with population of the desorption peak at 185 K (Figure 2). The supply of hydrogen atoms to silver, 
though, requires high hydrogen atom coverages on the palladium islands. 
 The dissociation of dihydrogen and ensuing migration of hydrogen atoms to silver on the 
model palladium−silver system is a very complex phenomenon. At first the fcc sites of palladium 
are populated by hydrogen atoms. The dissociation of dihydrogen on palladium and filling of 30	
hydrogen atoms on palladium is clearly established by the 240 K peak in temperature programmed 
desorption and the 1080 cm-1 peak in vibrational spectroscopy.  The initial population of hydrogen 
atoms on fcc palladium sites with a vibrational frequency of 1080 cm-1 agree with the energetics for 
populating fcc sites on palladium. These fcc sites will be filled until a hydrogen atom coverage of ~ 
0.67 ML is reached, where there are limited sites for dihydrogen dissociation to create of two 35	
hydrogen atoms on different fcc sites.  

At high hydrogen atom coverages on palladium, population of less energetically favorable 
sites is possible, which enables the migration of hydrogen atoms to the nearby silver. Large 
dihydrogen exposures can facilitate the population of silver with hydrogen atoms as demonstrated 
by direct visualization by scanning tunneling microscopy, by the 185 K peak in temperature 40	
programmed desorption and the 830 cm-1 peaks in vibrational spectroscopy. The comparatively 
lower exposures of dihydrogen for the STM and vibrational spectroscopy involve a limited 
population of hydrogen atoms on silver while the high exposures of dihydrogen used for the 
desorption experiments can achieve the saturation of hydrogen atoms on silver (~ 0.6 ML).  

Theoretical calculations demonstrate if a high coverage of hydrogen atoms on palladium 45	
is achieved, then the filling of weakly bound sites on palladium (hcp site, subsurface site, 
palladium−silver step site) are accessible, providing a pathway for hydrogen atom migration to 
silver. At high coverages (θH = 0.67 ML), dihydrogen dissociation occurs such that one hydrogen 
atom occupies an fcc site and the other a hcp site. The hcp, subsurface and palladium−silver step 
sites are all essentially isoenergetic with the small barrier for diffusion allowing hydrogen atoms to 50	
readily explore the different surface sites. Entropic effects will further facilitate migration of 
hydrogen atoms from the dense phase on palladium to the dilute and mobile phase on silver. The 
accessibility of these more weakly-bound sites agrees with the desorption of dihydrogen at 240 K 
from palladium which has energetics similar to hydrogen atom adsorption on palladium−silver step 
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sites. Further, the population of these weakly bound sites, such as subsurface sites, is dependent 
on sample temperature during dihydrogen exposures for Pd(111) (51); therefore, a more detailed 
investigation on the effect of temperature on the adsorption of dihydrogen for palladium islands on 
Ag(111) is warranted. 

While the synergy between palladium and silver for reactions requiring hydrogen atoms 5	
has been demonstrated here for the model system consisting of palladium islands on Ag(111), 
there are practical challenges to implementation into a catalytic framework. First, palladium islands 
are required to achieve this effect. Secondly, the hydrogen atom coverage on palladium must be 
large. These two requirements necessitate reaction conditions at high pressure and relatively low 
temperature. 10	

Ensuring that even small palladium islands remain on the surface requires that both 
synthesis and catalyst function must occur at moderate temperatures. Heating palladium islands 
on Ag(111) to temperatures of 400 K, for example, may lead to capping of the palladium by silver 
because of the lower surface free energy of silver (45). The efficiency of supplying hydrogen atom 
spillover to silver is highest for the small palladium islands, suggesting that ultra-small islands 15	
analogous to those investigated in the DFT model would be most effective (See SI Appendix, Figure 
S7). In the extreme, single atoms of palladium cannot have a vacant site for dissociation while also 
having a high hydrogen atom coverage necessary for spillover, indicating that there may be a 
minimum ensemble of palladium required. 

The other important factor in exploiting the ability to supply hydrogen atoms to silver from 20	
palladium is maintaining a high coverage of hydrogen atoms on the palladium. The migration of 
hydrogen atoms from palladium to silver is facilitated by dihydrogen dissociation and population of 
weakly bound hydrogen atoms on the palladium islands. Because these states are weakly bound, 
high pressures of dihydrogen are required to populate them even at room temperature.  

Overall, the observation of kinetically limited hydrogen atom migration facilitated by small 25	
domains of a dopant, palladium, to a material where dihydrogen dissociation is endothermic, silver, 
has strong implications in the design of bimetallic catalysts for reactions requiring hydrogen atoms 
in which selectivity is important for reactions. The accessibility of hydrogen atoms on the host metal 
could enable the bimetallic material to have reaction performance like that of hydrogen atoms on 
the pure host metal. Such bimetallic materials for selective hydrogenation could also function to 30	
limit the overall supply of hydrogen atoms on the surface to avoid complete hydrogenation. The 
direct implications for controlling selectivity and activity in surface reactions are unclear—and 
necessitate future investigations.  

In conclusion, the ability of palladium islands to facilitate of hydrogen atom migration to 
silver when palladium islands are present was demonstrated using a comprehensive set of 35	
experimental and theoretical tools. The migration occurs because of the ability to populate weakly 
bound hydrogen atom adsorption states on palladium after initial dissociation of dihydrogen on 
palladium. The weakly bound states on palladium are nearly isoenergetic with hydrogen atoms 
bound to silver, rendering migration feasible. The migration occurs across the palladium−silver 
boundary and, accordingly, the interface length directly affects the supply of hydrogen atoms to 40	
silver, suggesting that ultra-small palladium islands would be most effective in supplying 
hydrogen atoms to silver. This study clearly demonstrates that hydrogen atom migration across a 
bimetallic interface can provide a substantial hydrogen atom concentration on both metal 
components with broad implications in heterogeneous catalysis. 
 45	
Materials and Methods 
 

Experimental  
Vibrational spectroscopy and temperature programmed desorption (TPD) experiments were 
performed in an ultra-high vacuum (UHV) chamber with a base pressure below 4 × 10-10 Torr. The 50	
Ag(111) single crystal (SPL) was cleaned by repeated cycles of Ar+ sputtering (2.0 keV, 4 µA) and 
annealing (800 K). Surface cleanliness was verified using low-energy electron spectroscopy 
(LEED, Perkin-Elmer Phi Model 15-120 LEED Optics) and Auger electron spectroscopy (AES, 
Perkin-Elmer Phi 15-155 Cylindrical Auger Electron Optics). Palladium was evaporated from a 
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palladium rod on the Ag(111) sample at 300 K using an Omicron Focus EFM 3 UHV Evaporator 
with a constant flux of 0.15 monolayers min-1. The coverage of palladium on Ag(111) was 
determined using AES. The purity of dihydrogen was confirmed by a triple filter Hiden quadrupole 
mass spectrometer (QMS, Hiden HAL/3F) and by high resolution electron energy loss experiments 
(HREELS, See SI Appendix, Figure S9).  5	

For dihydrogen exposures to palladium on Ag(111) a background dose at 150 K was used 
for HREELS experiments and a directed dose at 150 K was used for TPD experiments. The sample 
was cooled to 100 K for the HREELS and TPD measurements immediately following the 
dihydrogen exposure. Correction for direct dosing enhancement were determined by appropriate 
calibrations (see SI Appendix). All TPD experiments were performed using a constant heating rate 10	
of 3 K s-1. The deconvolution of the TPD peaks at 185 K and 240 K was performed using Voigt 
functions (see SI Appendix). Hydrogen atom coverages determined in TPD experiments were 
quantified with mass spectrometry (62) by reference to by the desorption yield of dioxygen from a 
saturated p(4 × 4)O-Ag(111) surface oxide (see SI Appendix) (63). An error margin for the reported 
hydrogen atom coverages of approximately 10 % is expected due to the deconvolution and 15	
quantification procedure.  

HREELS experiments were performed using an LK-2000 spectrometer using a primary 
energy of 4.5 eV at 60⁰ specular geometry with a specular full width at half maximum of ~ 6.0 meV 
(~ 48 cm-1). The spectra were normalized with respect to the background counts which has been 
shown to be proportional to the flux of the electron beam (64). The data was further processed by 20	
fitting and subtracting the specular peak for each spectrum to remove contributions of the specular 
peak from the adsorbate features. All HREELS spectra were recorded at 100 K.  

Scanning tunneling microscopy (STM) was were performed using a low-temperature 
scanning tunneling microscope (Omicron Nanotechnology) under UHV with a base pressure below 
1 × 10-11 torr. A Ag(111) single crystal (Princeton Scientific) was cleaned via repeated Ar+ sputtering 25	
(1.5 keV, 2µA) and annealing (1000 K) cycles. Palladium was evaporated at room temperature 
using an Omicron Focus EFM 3 UHV Evaporator with a constant flux of 0.1 monolayers min-1. The 
Ag(111) surface prepared prior to palladium deposition consisted of Ag(111) terraces that were 
largely defect free separated by monatomic step edges (See SI Appendix, Figure S1). Dihydrogen 
background exposures were performed at 150 K. Scanning tunneling microscopy images at 5 K 30	
were acquired by cryogenically cooling the scanning tunneling microscope stage with liquid helium 
(Middlesex Gases). Notably, there is little or no alloy formation in our experiments, because heating 
to temperatures greater than 400 K are necessary to induce alloying of the palladium and silver 
(45). 
 35	
Theory 
The hydrogen atom vibrational frequency calculations and hydrogen migration reaction on a 
palladium overlayer on silver were modeled by using a 2 × 2 unit cell with 6 layers. The bottom 3 
layers were fixed and the top 3 layers were fully optimized with a convergence threshold of 0.01 
eV/Å. The palladium island model was generated by placing a 12-atom palladium island on a  40	
5 × 5 Ag(111) surface slab with 3 layers. The bottom 2 layers were fixed while the other atoms 
were fully relaxed. The PBE functional (65) and 400 eV cut-off energy were used, the k-points is 
7 × 7 × 1 for the 2 × 2 unit cell model and 3 × 3 × 1 for the palladium island model. All calculations 
were performed with VASP (66–68). 
 45	
Data Availability 
All data needed to evaluate the conclusions in the paper are present in the paper, the 
supplemental information, and/or in a data repository available at 
https://doi.org/10.7910/DVN/GLEA5F. For access to materials, email the corresponding author. 
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Figures 

 

 
 

Figure 1. Scanning tunneling microscopy (STM) images at 5 K reveal that palladium islands are 5	
predominantly single layer in height when low coverages of palladium are deposited on Ag(111) at 
300 K. (A) The STM image for 0.04 monolayers (ML) of palladium deposited on Ag(111) at 300 K 
shows hexagonal islands with an average width of 9.8 ± 1.5 nm. The width of the palladium islands 
is measured perpendicular to two opposite sides of the hexagon as shown by the black line scan. 
Inset shows atomic-resolution of the Ag(111) terrace. (B) The apparent height of a palladium island 10	
is 144.7 ± 8.2 pm based on the line scan in panel A and is consistent for all palladium coverages 
measured. The statistics for the STM analysis are reported in Table S1 and Figure S2 (see SI 
Appendix). Imaging conditions: 0.70 V, 0.60 nA, 5 K. 
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Figure 2. Dihydrogen dissociation on palladium islands and subsequent population of a weakly 
bound state attributed to hydrogen atoms associated with silver depends on dihydrogen exposure. 
(A) Temperature programmed desorption following dihydrogen exposures of 5.9, 59, 600, 3000, 5	
and 176,000 Langmuir at 150 K (1 Langmuir = 1 L = 10-6 Torr s-1). (B) The amounts of dihydrogen 
desorbing in the 240 K peak (red) and in the 185 K peak (black) increase with dihydrogen exposure 
up to maximum hydrogen atom coverages of 1.08 ML (240 K peak) and 0.55 ML (185 K peak). (C) 
The ratio of hydrogen atoms on 185 K peak (silver) to 240 K peak (palladium) remains constant at 
1.0:1.0 starting at θH/Pd equal to 0.55 ML. Local hydrogen atom coverages (i. e., atoms of hydrogen 10	
per atoms of palladium in the islands, and atoms of hydrogen per atoms of open silver) are reported 
as θH/Pd and θH/Ag , respectively. In all experiments, 0.45 ML of palladium was deposited on Ag(111) 
at 300 K. 
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Figure 3. The palladium coverage affects the yields of hydrogen atoms which desorbs in the two 
different peaks at a fixed dihydrogen exposure, providing additional evidence that the 240 K peak 
is due to recombination from palladium islands and the 185 K peak is associated with exposed 5	
silver. (A) Temperature programmed desorption of dihydrogen as a function of palladium coverage 
on Ag(111) (θPd = 0.05 − 0.55 ML) for a fixed dihydrogen exposure of 50 L. For reference, at a 
palladium coverage of 0.45 ML and a dihydrogen exposure of 50 L, θH/Pd is approximately 50 % the 
highest coverage achieved (Figure 2B). (B) The absolute yields of dihydrogen in the 240 K peak 
(red) and 185 K peak (black) increase nearly linearly, albeit with different slopes. The absolute yield 10	
of hydrogen atoms on silver is scaled by a factor of 10. (C) The ratio of coverages of the hydrogen 
atoms from the 185 K peak to the 240 K indicates that the 185 K peak is more readily populated 
for low palladium coverages. The solid curve illustrates the relationship between the palladium 
coverage and the palladium−silver interface length, assuming hexagonal palladium islands of 
uniform size (see SI Appendix).  15	
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Figure 4. Vibrational (high resolution electron energy loss) spectra provide evidence of dihydrogen 
dissociation on palladium islands and migration of hydrogen atoms to silver. (A) Spectra taken after 
exposing dihydrogen to 4.00 ML of palladium on Ag(111) at 150 K are characteristic of palladium, 5	
showing peaks at 1080 cm-1 and 700 cm-1 corresponding to vibrations of hydrogen atoms 
perpendicular and parallel to the surface, respectively. (B) Analogous data for palladium islands 
(θPd = 0.5 ML) on Ag(111) show spectra at dihydrogen exposure of 10 L and 50 L; at the higher 
exposure a new peak at 830 cm-1 is observed and is assigned to hydrogen atoms bound to silver, 
based on comparison to literature data for hydrogen atoms on Ag(111) at 850 cm-1, and theoretical 10	
calculations. A quantitative interpretation of the intensities is not possible because such changes 
may be due to a change in sample reflectivity upon hydrogen atom adsorption and/or to the possible 
presence of subsurface hydrogen atoms (57). All vibrational spectra were collected at 100 K with 
a typical full width at half maximum of 48 cm-1 for the elastic peak. 
 15	
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Figure 5. Evidence for hydrogen atom migration from small palladium islands on Ag(111) is 
obtained from scanning tunneling microscopy experiments. (A) Images obtained after exposure of 
palladium islands (θPd = 0.05 ML) on silver to 20 L of dihydrogen on Ag(111) at 150 K in which the 5	
palladium islands ~ 10 nm across (white region) and hydrogen atoms present on the Ag(111) 
surface appear as depressions (purple) on the Ag(111) surface. (B) Apparent height profile along 
the black line scan in (A) illustrates that the features attributed to hydrogen atoms appear as 
depressions of ~ 30 pm. 0.05 ML of palladium was deposited on Ag(111) at 300 K. The number of 
hydrogen atoms imaged on silver is small because of the low exposure of dihydrogen (20 L) and 10	
low palladium coverage (θPd = 0.05 ML). Imaging conditions: 0.030 V, 0.020 nA, 5 K. 
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Figure 6. An illustrative pathway for dihydrogen dissociation and hydrogen atom migration on a 
palladium overlayer on Ag(111) at high hydrogen atom coverage. The models corresponding to the 
different states depicted are below the energy diagram (silver atoms, silver; palladium atoms, 5	
green; initially adsorbed hydrogen atoms on the surface, blue; additional hydrogens from 
dihydrogen; red). The surface was initially covered by 0.75 ML of hydrogen atoms (blue; IS), after 
further dihydrogen adsorption, additional hydrogen atoms (red) occupy a fcc site and an hcp site 
(IM1). The hydrogen atom on a hcp site moves on the surface via a bridge site (TS1), and eventually 
migrates to the Ag(111) surface in the final state (FS). The silver lattice is included in all 10	
calculations; however, it is adsorbate-free except in FS. Since the hydrogen atom coverage is high, 
the silver lattice periodicity was used for the palladium overlayer (see text). The structure 
considered has a coverage of 0.75 ML on a 2 × 2 unit cell, but isolated fcc sites occur starting at 
2/3 ML. All energies are given per two hydrogen atoms adsorbed, referred to H2 in the gas phase. 
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