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ABSTRACT: Density functional theory (DFT) and dihydrogen chemisorption uptakes at temperatures relevant to catalysis are used to
determine and interpret adsorption enthalpies and entropies over a broad range of chemisorbed hydrogen (H*) coverages (0.1 ML to
saturation) on Pt nanoparticles (1.6, 3.0, and 9.1 nm mean diameters) and Pt(111) surfaces. Heats of adsorption decrease by 30 kJ mol−1

as H2 coverage increases from nearly bare (0.1 ML) to saturated (∼1 ML) surfaces, because of the preferential saturation of low-
coordination surface atoms by H* at low coverages. Such surface nonuniformity also leads to stronger binding on small Pt particles at all
coverages (e.g., 47 kJ mol−1 on 1.6 nm, 40 kJ mol−1 on 3.0 nm, and 37 kJ mol−1 on 9.1 nm particles all at 0.5 ML), because their surfaces
expose a larger fraction of low-coordination atoms. As H* approaches monolayer coverages, H*−H* repulsion leads to a sharp decrease in
binding energies on all Pt particles. Measured H* entropies decrease with increasing H* coverage and decreasing particle size, but their
values (35−65 J mol−1 K−1) are much larger than for immobile H* species at all coverages and particle sizes. Two-dimensional gas models
in which mobile H* adsorbates move rapidly across uniform (ideal), excluded-area, or DFT-predicted nonuniform potential energy
surfaces all give H* entropies ≥30 J mol−1 K−1, qualitatively consistent with measured values. Larger H* entropies are predicted for
uniform (ideal) PES while smaller H* entropies are predicted using nonuniform PES. DFT-derived barriers for H* diffusion between hcp
and fcc 3-fold sites on Pt(111) surface are about 6 kJ mol−1, a value similar to thermal energies (kT) at temperatures of catalytic relevance,
consistent with fast diffusion in the time scale of adsorption−desorption events and isotherm measurements. Mobile adsorbate entropy
models are therefore essential for accurate estimates of adsorbate coverages, particularly because vibrational frequencies analyzed by
harmonic oscillator approximations lead to large underpredictions of entropies, resulting in DFT-predicted adsorption free energies that
are too large to result in high coverageseven at conditions where H* is known to cover the surface. The nonuniformity of Pt surfaces,
repulsion among coadsorbates, and high adsorbate mobility starkly contrast with the requirements for Langmuirian descriptions of binding
and reactions at surfaces, despite the ubiquitous use and success in practice of the resulting equations in describing adsorption isotherms
and reaction rates on surfaces. Such fortuitous agreement is a likely consequence of the versatility of their functional form, taken together
with the limited range in pressure and temperature in adsorption and kinetic measurements. The adsorption and kinetic constants derived
from such data, however, would differ significantly from theoretical estimates that rigorously account for surface coordination, adsorbate
mobility, and coadsorbate repulsion.

1. INTRODUCTION

Heterogeneous catalysis involves the chemisorption and
reactions of bound intermediates.1,2 The enthalpies and
entropies of such chemisorbed species and of the transition
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states that mediate their interconversions provide the
thermodynamic formalism that permits rigorous interpretations
of reaction rates and selectivities. The chemisorption of specific
reactants and of probe molecules are also used to titrateand
thus to count and characterizebinding sites at catalytic
surfaces.1,2 Chemisorbed H atoms (H*), formed via H2
dissociation, are attractive titrants for metal catalysts because
their binding is relatively strong but yet reversible and give
hydrogen-to-surface-metal (H:Msurf) stoichiometries that de-
pend on surface structure and cluster size3 to a lesser extent than
other titrants (e.g., CO*, O*). Dihydrogen is also a ubiquitous
reactant in the hydrogenation or hydrogenolysis of many
substrates,1,2,4−6 such as alkanes,7−15 alkenes,16−18 CO,19−22

arenes,23 organosulfur compounds24,25 and NOx.
26,27 Accurate

thermodynamic data for H2 chemisorption at temperatures and
coverages relevant to catalysis are essential to probe the nature of
catalytic surfaces, the relevance and accuracy of thermodynamic
adsorption parameters derived from mechanistic interpretations
of kinetic data for relevant reactions, and the adequacy of
Langmuirian models for molecular binding and surface
reactions.
Matters of mobility and binding energy at temperatures of

catalytic practice are essential for rigorous kinetic treatments of
chemical reactions, which often treat elementary steps as
occurring on surfaces consisting of well-defined sites and
which bind immobile chemisorbed species with energies and
reactivities that are insensitive to coverage.28 Such Langmuirian
treatments of surfaces (and of catalytic reactions) have
succeeded remarkably in describing how rates vary with reactant
and product concentrations, despite their restrictive assump-
tions. Their success has led to a level of comfort with
Langmuirian treatments that is seldom supported by more
rigorous analyses. The effects of coverage have become a major
topic of interest for studies of CO oxidation,29−31 alkanes
hydrogenolysis,15 alkanol decarbonylation,32 and CO hydro-
genation22,33 reactions on CO*-saturated surfaces, as well as for
CH4−O2 and NO−O2 reactions on O*-covered surfaces,34,35

while the topic of adsorbate mobility and the consequence on
Langmuirian models has typically raised fewer significant
concerns.
H2 uptakes at near ambient temperatures (298−400 K) are

often used to determine the fraction of the metal atoms in a
sample that are exposed at surfaces (dispersion) using ad hoc
distinctions among coexisting species bound more or less
strongly. These protocols are guided by the reversibility of
adsorption events during evacuation at a given temperature for a
specific period of time. The metal dispersions are then reported
based on irreversible H2 uptakes using a saturation H:Msurf
stoichiometry of unity, which is likely to be inaccurate, and
especially so for small metal particles (<4 nm).3 The frequent
agreement between mean diameters estimated from these
uptakes and from surface-averaged diameters derived from
transmission electronmicroscopy (TEM) histograms is typically
used as the arbiter of accuracy; yet, the choice of adsorption
temperature and evacuation pressure or time remains arbitrary,
in view of M−H bond strengths that vary with surface structure,
adsorbate coverage, and metal identity.
H2 adsorption enthalpies (ΔHads,H2

) at near-ambient temper-
atures and low coverages have been widely reported on Pt single
crystals (Pt(100),36,37 Pt(110),38 Pt(111),39−41 and Pt(997)42),
unsupported Pt,43−46 and supported Pt particles43,47,48 using
calorimetry,43,44,47,48 adsorption isotherms,42,44,45 and work

function measurements.41 These data, however, are typically
acquired at temperatures and coverages well below those
prevalent in the practice of catalysis. Adsorption entropies
(ΔSads,H2

) are seldom reported at these relevant temperatures
(>400 K), rendering conclusions about the mobility of adsorbed
species and about the fidelity of the interpretive adsorption
models uncertain and possibly inaccurate. Density functional
theory (DFT) has been used to examine adsorption potential
energies (ΔEads,H2

) of H2 on Pt surfaces, most commonly on low-
index Pt(100) and Pt(111) surfaces and on Pt ensembles (2−
147 Pt atoms).49−62 Vibrational frequency calculations are
sometimes used, together with ΔEads,H2

values, to estimate

ΔHads,H2
and ΔSads,H2

values for H2 chemisorption above 0 K,
which can be used, in turn, to calculate adsorption free energies
(ΔGads,H2

) and H2 adsorption equilibrium constants (KH2
) at

these temperatures.
Recent studies have demonstrated the use of hindered

translator models of adsorbate motion63−65 which model 2-
dimensional potentials as sinusoidal variations rather than the
standard harmonic oscillator approximation. These models
result in larger entropies of adsorbed species as a function of the
diffusional barriers (the variation in the sinusoidal functions)
associated with translation between surface binding sites.
Subsequent work66 examining H* and other adsorbates on Au
and Pt(100) surfaces describe the potential energies of the
adsorbates using DFT-calculated potential energy surfaces
which can be treated through quantum and semiclassical
methods to calculate adsorbate free energies and entropies. A
similar approach was also examined for CO oxidation on
Pt(111) surfaces.67 These previous descriptions demonstrate
that entropies of adsorbed intermediates far exceed values
assumed from harmonic oscillator treatments.
Here, we report H2 chemisorption isotherms at temperatures

relevant to catalytic practice (523−673 K) on Pt particles
dispersed on Al2O3 or SiO2 (9.1, 3.0, and 1.6 nmmean diameter)
and DFT-calculated potential energy surface (PES) of H*
Pt(111) surfaces at various coverages. These data show that
ΔHads,H2

values become less negative (i.e., H* binds more
weakly) as coverage increases, even at coverages well below a
monolayer, because of the combined effects of surface
nonuniformity and of through-surface repulsion among H* as
their coverage increases; these H* species show differential
adsorption entropies (SH* > 30 J mol−1 K−1 at all coverages, 593
K) that are inconsistent with immobile adsorption models of the
H* adlayer (SH* ∼ 15 J mol−1 K−1 at 593 K). Mobile adsorbate
models, in contrast, predict differential adsorption entropies
larger than 30 J mol−1 K−1 (593 K) andmuch closer to measured
values. These models can be used with a uniform PES (two-
dimensional ideal gas), a surface with excluded area from
coadsorbed H* (similar to a Volmer gas), or with a PES derived
fromDFT on the Pt(111) surface, which is the prevalent surface
of large particles.
Differential enthalpies and entropies of adsorption are used

here as probes of the intrinsic nonuniformity of cluster surfaces
and of the effects of coverage through coadsorbate interactions.
These findings confirm and reinforce the conceptual and
practical concerns about Langmuirian treatments of adsorption
and surface reactions and shed light on how more accurate
adsorption and surface reaction models can be constructed to
account for surface nonuniformity, coadsorbate interactions,
and adsorbate mobility.
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2. EXPERIMENTAL METHODS

2.1. Catalysts Synthesis. Pt/Al2O3 (1.6 wt %) was
prepared by incipient wetness impregnation of γ-Al2O3 (Sasol
North America Inc., Lot No.C1643, 193 m2 g−1, 0.57 cm3 g−1

pore volume), previously treated in flowing dry air (Praxair,
99.99%, 0.8 cm3 g−1 s−1) at 923 K (0.083 K s−1, held for 3 h),
with an aqueous solution of H2PtCl6(H2O)6 (Aldrich, CAS
16941-12-1; 8% by wt. inH2O; 0.43mL per gram of Al2O3). The
impregnated supports were kept overnight at 373 K in stagnant
ambient air. The resulting material was divided into two
portions, which were treated in flowing dry air (Praxair, 99.99%,
0.8 cm3 g−1 s−1) at either 923 or 998 K by heating at 0.083 K s−1

and holding for 3 h to obtain samples with different Pt dispersion
and cluster size. Samples were cooled to ambient temperature in
flowing dry air, flushed withHe, and exposed to flowingH2 (10%
inHe, Praxair, 1.67 cm3 g−1 s−1) by heating to 773 at 0.033 K s−1,
holding for 3 h and subsequently cooling to 523 K. Samples were
then exposed to flowing He (Praxair UHP grade, 0.8 cm3 g−1

s−1), cooled to ambient temperature and passivated with 0.5%
O2−He (Praxair certified standard, 0.8 cm3 g−1 s−1) at ambient
temperature for 1 h before exposing them to ambient air.
Pt/SiO2 (1.0 wt %) was prepared using electrostatic

adsorption methods,68 in which negatively charged SiO2 at the
prevalent solution pH strongly interacts with cationic Pt
precursors to form highly dispersed bound precursors that
lead to small Pt domains upon thermal treatment. SiO2 (20 g,
Davisil 646, Sigma-Aldrich) was suspended in deionized H2O
(200 cm3) and the pH increased to 9 by addingNH4OH (14M).
The Pt precursor (Pt(NH3)4(NO3)2, Sigma; 0.4 g) was then
added and the mixture was stirred for 1 h at ambient
temperature. The suspension was filtered and treated at 373 K
for 6 h in flowing He (Praxair UHP grade, 0.8 cm3 g−1 s−1) and
powders were then heated to 723 K (at 0.033 K s−1) in a flowing
mixture of 50% H2 in He (Praxair UHP grade, 0.8 cm3 g−1 s−1),
held at 723 K for 3 h, and cooled to ambient temperature in this
flowing mixture. The samples were passivated by contact with a
flowing 0.5% O2−He mixture (Praxair certified standard, 0.8
cm3 g−1 s−1) for 1 h before exposure to ambient air.
2.2. Transmission Electron Microscopy and H2 Chem-

isorption Measurements. H2 adsorption isotherms were
determined fromH2 uptakesmeasured in a volumetric apparatus
at 473−673 K. The apparatus consists of a quartz tube (reactor
cell; 9−10 cm3) with a fritted sample holder, a thermocouple (K-
type) in contact with the outer tube wall, and a stainless steel
dosing chamber (11.9 cm3). Leak rates in these systems were <3
× 10−9 mol h−1 at ambient temperature and <6× 10−9 mol h−1 at
973 K. Samples (∼1 g) were placed in the adsorption cell and
treated at 723 K in flowing H2 (1.33 cm

3 s−1, Praxair UHP grade,
0.083 K s−1 heating rate) for 1 h and then evacuated for 2 h using
a turbomolecular pumping system (TMU 071 P, Pfeiffer) and a
rotary vane pump (Varian DS 302) capable of a dynamic
vacuum <10−6 Pa. After evacuation, samples were cooled to the
adsorption temperature and H2 uptakes were measured by
increasing the H2 pressure from 0.1 to 20 kPa using sequential
injection of H2 pulses (H2 Praxair UHP grade) at 0.9−3.6 ks
intervals to allow full equilibration. Pressures were measured
with a dual-range transducer (0.1−13 kPa and 0.1−133 kPa;
MKS Baratron, type D28B; 0.25% accuracy; resolution of
0.001% of full scale). The effective cell volume was determined
at each temperature using He as an inert gas.
The diameter of the Pt particles inferred from saturation

adsorption during H2 chemisorption isotherms were compared

to surface-averaged mean diameters from transmission electron
microscopy (TEM):

̅ =
∑
∑

D
n d
n dTEM

i i

i i

3

2
(1)

Here ni is the number of crystallites having a diameter di.
69

Transmission electron micrographs were obtained with a FEI
Tecnai 12 transmission electron microscope at 120 kV. The
cluster size uniformity of the Pt particles is reported as the
dispersity index (DI):70

=
∑ ∑

∑ ∑
n n d

n d n d
DI i i i

i i i i

4

3
(2)

2.3. Computational Methods. Periodic plane-wave DFT
calculations were performed using the Vienna ab initio
simulation package (VASP)71−74 to estimate adsorption
energies and PES for H* species on Pt(111). Plane-waves
were constructed using projector augmented-wave (PAW)
potentials with an energy cutoff of 400 eV.75,76 The revised
Perdew−Burke−Ernzerhof (RPBE) and Perdew−Wang 91
(PW-91) forms of the generalized gradient approximation
(GGA) were both used to determine exchange and correlation
energies.77−80 Dispersion corrections, when included, were
performed using the DFT-D3 method with Becke−Johnson
damping.81,82 Wave functions for all calculations were
converged to within 10−8 eV and the sampling of the Brillouin
zone (k-point mesh) was increased for small unit cell sizes in Pt
surface model (Table 1); a 1 × 1 × 1 mesh was used for
calculations of gas-phase H2. Forces were computed using a fast
Fourier transform (FFT) grid with a cutoff equal to two times
the planewave cutoff; all structures were relaxed until forces on
unconstrained atoms were <0.01 eV Å−1 during optimizations.
Pt(111) surfaces were chosen because the (111) surface is the

prevalent exposed facet for Pt particles larger than 2 nm.83 The
experimental lattice constant for bulk Pt metal (0.39239 nm)84

was used to construct this surface. Pt(111) surfaces were
modeled using a range of unit cell sizes (from 1 × 1 to 4 × 4) to
vary the H* coverage in a systematic manner as illustrated in
Table 1. The slab models contained four layers in the direction
normal to the (111) surface; the bottom two layers were held

fixed in their bulk crystallographic locations and the top two
layers were allowed to relax.

2.3.1. Harmonic Oscillator Treatment of Vibrational
Modes. The vibrational frequencies for chemisorbed H* species
on Pt(111) surfaces were calculated from their Hessian matrix,
which was obtained using finite difference methods with four
displacements in each Cartesian coordinate for all H* atoms. All
metal atoms were constrained during these frequency

Table 1. Pt(111) Unit Cell Sizes andH*Coverages Examined

unit cell H* θH, ML k-point mesh

1 × 1 1 1 24 × 24 × 1
1 × 2 1 1/2 24 × 12 × 1
1 × 3 1 1/3 24 × 8 × 1
2 × 2 1 1/4 12 × 12 × 1
2 × 3 1 1/6 12 × 8 × 1
3 × 3 1 1/9 8 × 8 × 1
3 × 4 1 1/12 8 × 6 × 1
4 × 4 1 1/16 6 × 6 × 1
4 × 4 16 1 6 × 6 × 1
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calculations; thus, changes in metal−metal (M−M) bond
vibrations upon H* adsorption were not included in the general
analysis to reduce computational requirements. The inclusion of
these M−M bond vibrations led to changes <3 kJ mol−1 in
adsorption free energies and <5 J mol−1 K−1 in adsorption
entropies (at 593 K on a 2 × 2 Pt(111) surface with 1 ML H* in
3-fold fcc binding mode). Frequency calculations were used to
determine zero-point vibrational energies (ZPVE), vibrational
enthalpies (Hv), entropies (Sv) and free energies (Gv):

85

∑ ν= hZPVE (
1
2

)
i

i
(3)

∑ ν
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−
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e
ln
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i
h kT/i (6)

from vibrational frequencies (νi) for H2(g) and H*. For gaseous
H2, translational and rotational enthalpies and free energies were
computed from statistical mechanics (Section S1 in the
Supporting Information). The total molar differential entropy
for immobile H* must include the configurational entropy
(SH*,conf) and vibrational entropy in all three directions (SH*,vib

xyz )
as given by

= +* * *S S S xyz
H ,immobile H ,conf H ,vib (7)

These entropies (and analogous enthalpy and free energy
terms) can be used to calculate adsorption enthalpies, entropies,
and free energies.
2.3.2. Generation and Integration of the PES to Calculate

Adsorption Enthalpies and Entropies. H* atoms on a Pt(111)
surface have three accessible degrees of freedom: lateral
translations along the xy plane defined by the surface and one
translational mode normal to the surface (z). Extended motion
normal to the surface, however, will cause M−H bond cleavage
and H* desorption as a radical, a step with a very large barrier,
restricting this normal mode to a vibration; its frequency was
calculated by constraining the H* at its x and y positions. These
frequencies were used to calculate zero-point corrections to the
potential energies (ZPVEz) using harmonic oscillator approx-
imations. Frequencies normal to the (111) surface were very
large (>1000 cm−1 at all H* positions), consistent with
significant barriers for extended motion and with the require-
ments for the harmonic oscillator approximation. This treatment
of the z-coordinate using vibrational frequencies decreases the
dimensionality of the PES for H* species. The two-dimensional
PES was then calculated by sampling unique locations of H* on
the Pt(111) surface and constraining H* atoms in the x and y
dimensions while relaxing their z-coordinates during optimiza-
tion. The potential energies (E0) obtained were combined with
ZPVEz values to give two-dimensional E0 values:

= +E x y E ZPVE( , ) z0 0 (8)

to obtain a PES (E0(x,y)). This treatment is similar to that
previously described for adsorbates on (100) surfaces66 and
CO* on Pt(111).67

This PES can then be used to calculate differential
translational free energies (GH*,PES

xy ) and entropies (SH*,PES
xy )

using a semiclassical approach as described in Section S2 of the
Supporting Information:86,87

∬θ
= −
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−

Ä
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kT

E x y kT

E x y kT

H ,PES 2
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( , ) ( ( , )/ )

( ( , )/ )
(10)

where Λth is the thermal de Broglie wavelength:

π
Λ = h

mkT(2 )th 1/2 (11)

The E(x,y) in eqs 9−10 is a PES normalized by the minimum
potential energy throughout the surface (Emin):

= −E x y E x y E( , ) ( , )0 min (12)

where E0(x,y) is given by eq 8 above. The density of H* is
represented in eqs 9−10 by θH, which is the H* density
normalized by the density of surface-metal atoms:

θ = [ *]
[ ]

H
PtH

surf (13)

this pseudocoverage makes no assumptions about the nature of
binding sites and is not limited by 1 ML as assumed by a classic
Langmuirian surface model. eqs 9 and 10 can be rewritten, for
convenience, in terms of an effective area term (αPES)

∬α = − x ye d dPES
E x y kT( ( , )/ )

(14)

and a term reflecting the degeneracy of the PES (βPES)

∬β = −E x y
kT

x y
( , )

e d dPES
E x y kT( ( , )/ )

(15)

to give the following:
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(17)

A two-dimensional ideal gas would yield a “flat” PES such that
the relative energy, E(x,y), would be 0 at all points. For such a
surface, the effective area term (αPES) would be the area
occupied by each metal atom (α0) and βPES would be 0, thus
giving differential molar entropies as

α
θ

=
Λ

+*

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅ

i
k
jjjjj

y
{
zzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑ
S R ln 1xy

th
H ,ideal

0
2

(18)

as shown in previous work.87 We can also introduce an area-
excluded model, in which coadsorbed H* occlude space (similar
to a Volmer gas model), but which retains a flat PES (E(x,y) = 0
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except within the excluded area, where E(x,y) is infinite). This
excluded area model gives a differential molar entropy as
(derived in section S2, eqs S27−S29, of the Supporting
Information):

α θ
θ α θ

=
−

Λ
+ −

−* −

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅ

i
k
jjjjj

y
{
zzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑ
S R

b b
b

ln 1H co area
xy

th
,

0
2

0 (19)

where b is the area excluded by each adsorbed H* (taken as half
α0 in this work because H* can coexist in two 3-fold sites per
metal atom on the Pt(111) surface). As b → 0, eq 19 becomes

identical to eq 18, that of the ideal two-dimensional gas. The
molar differential entropy for mobile H* must also include the
entropy of vibrations normal to the surface (SH*,vib

z ) as given by

= +* * *S S Sxy z
H H H ,vib (20)

These entropies (and the analogous free energy terms) can be
used to calculate adsorption enthalpies and entropies for H2
adsorption.
Deviations between a quantum-mechanical treatment of the

PES and the semiclassical treatment presented here are only
significant at subambient temperatures,66 indicating the

Figure 1.TEM images and Pt cluster size distributions for 1.6 wt % Pt/Al2O3 and 1wt % Pt/SiO2 samples (9.1 nm (a), 3.0 nm (b) and 1.6 nm (c)mean
cluster size). Surface-area-weighted cluster diameters, ⟨d⟩TEM (eq 1, n > 200).
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approach used here is appropriate for these high temperature
(473−673 K) isotherms.

3. RESULTS AND DISCUSSION

3.1. H2 Dissociative Adsorption on Pt Surfaces.
Different support and air-treatment temperatures led to
materials with different mean Pt cluster diameter (Figure 1).
Size effects on catalyst performance or H2 uptake isotherms can
be unequivocally interpreted only for samples with narrow size
distributions, as given by a dispersity index (eq 2).70 These
indices were 1.3, 1.5, and 1.1 for Pt particles with 1.6, 3.0, and 9.1
nm surface-averaged mean diameters (eq 1), respectively,
indicating that size distributions are quite narrow.70,88 These
TEM-derived particle sizes provide the number of surface-metal
atoms (Ptsurf) used to normalize surface H* densities to give a
fractional coverage (θH, eq 13).
H2 adsorption isotherms were obtained from measured H2

uptakes on Pt particles (1.6 wt % Pt/Al2O3; 1 wt % Pt/SiO2)
with three different mean diameters (1.6, 3.0, and 9.1 nm)
between 473 and 673 K. These H2 adsorption isotherms are
shown in Figure 2 (with the H2 pressure shown on a logarithmic

scale for visual clarity; the linear scale used in Figure S1 leads to
the shape characteristic of the Langmuir adsorption isotherm).
Fractional H* coverages (θH, H*/Ptsurf) are obtained by
normalizing measured H2 uptakes by the number of Ptsurf
atoms derived from TEM-derived surface-averaged diameters.
These coverages do not assume any “saturation” behavior and
thus need not be limited to 1 ML, given that undercoordinated
metal atoms can bind more than one H*.3

The adsorption isothermsmeasured here (Figure 2) represent
the dissociation of H2(g) to form two surface-bound H atoms
that are bound to the metal surfaces without any indication, at
this point, about the nature of the attachment or of the binding
sites, of their uniformity, or of their total number:

F *H 2H2 (21)

The surface is not treated as a template with a given number of
uniform adsorption sites and therefore we do not include bare
adsorption sites as reactants in the chemical stoichiometry of eq
21. The standard state adsorption free energy of H2 is that for eq
21:

θΔ ° = [ *] − [ ]G T G G( , ) 2 H HH H 22 (22)

Figure 2. Adsorption isotherms for H2 dissociative adsorption on Pt (1.6 wt % Pt/Al2O3 9.1 nm (a) and 3.0 nm (b) mean cluster size; 1 wt % Pt/SiO2
1.6 nm mean cluster size (c)) at 673 K (■), 623 K (●), 573 K (▲), 548 (+), 523 K (△), 498 K (×), and 473 K (◆). Isotherms with a linear H2
pressure scale are given in the Figure S1 of the Supporting Information.

Figure 3. Equilibrium constant for hydrogen dissociative adsorption (KH2
) on 1.6 wt % Pt/Al2O3 and 1 wt % Pt/SiO2 samples (9.1 nm (a), 3.0 nm (b),

and 1.6 nm (c) mean cluster size) at 0.2 (■), 0.3 (▲), 0.4 (×), 0.5 (∗), 0.6 (◆), 0.7 (●), 0.8 (+), 0.9 (−), and 1.0 (○) H* coverage (θH).
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where G[H*] and G[H2] represent the free energies of H* and
H2(g), respectively. This adsorption free energy (ΔGH2

°)
depends on the system temperature (T), the H2 pressure (1
bar, standard state), and the density of surface-bound H*
normalized by the density of surface-metal atoms (θH, coverage,
1 ML, standard state). An equilibrium constant, KH2

, can be
defined based on the H2 adsorption free energy at standard
pressure (1 bar), ΔGH2

°:

θ
θ

=
−Δ °i

k
jjjjj

y

{
zzzzzK T

G T

RT
( , ) exp

( , )
H H

H H
2

2

(23)

This also depends on θH and T. At each increase in H2 pressure
during the isotherm measurements, the amount of H2
disappearance is measured and described as a change in the
coverage (eq 23) which is a normalized surface density. Thus,
the resulting disappearance of H2 into a product phase can be
described, locally, as the derivative of the normalized surface
density with respect to the local isotherm pressure:

θ
θ

=K T
P

( , )
d
dH H

H

H
2

2 (24)

This describes the equilibrium relationship betweenH* and gas-
phase H2 and how it changes locally at each θH with T. Figure 3
shows that KH2

decreases with increasing θH and with increasing
temperature on Pt particles with 1.6, 3.0, and 9.1 nm mean
diameter dispersed on Al2O3 or SiO2 (1.6 wt % Pt/Al2O3; 1 wt %
Pt/SiO2).
The position of equilibrium between H* and gas-phase H2

depends on the standard state differential adsorption enthalpy
(ΔHH2

°) and entropy (ΔSH2
°):

=
−Δ °

=
−Δ °

+
Δ °i

k
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2 2 2

The temperature dependence of KH2
allows ΔGH2

° to be
dissected into its individual enthalpy and entropy components at
each H* coverage (θH). The standard state differential heats of
adsorption QH2

(−ΔHH2
°) and the standard state adsorption

entropies (ΔSH2
°) are given in Figure 4 (standard errors for

measured enthalpies and entropies are given as error bars) at
each coverage for dispersed Pt particles with different mean
diameters (1.6−9.1 nm). Even on large Pt particles (9.1 nm),
QH2

and ΔSH2
° values depend sensitively on H* coverage, in a

manner indicative of H* binding that weakens and becomes
more mobile as H*−H* distances decrease. These trends may
reflect (i) repulsive H*−H* interactions, (ii) preferential
occupancy of low-coordination surface sites at low coverages,83

or (iii) adsorption on particles distributed in size and therefore
in surface coordination (section 3.2). These coverage effects on
QH2

andΔSH2
° values are discussed in more detail in sections 3.2

and 3.3.
3.2. High-Temperature Adsorption Enthalpies. The

linear relations between KH2
values and reciprocal temperatures

(Figure 3) indicate that the effects of temperature on the
standard state heat of adsorption (QH2

) can be neglected over
this relatively narrow temperature range (473−673 K).89 The
standard state heats of dissociative H2 adsorption (QH2

) are 48−
55 kJ mol-H2

−1 at low coverages (∼0.2 ML) and 40−46 kJ mol-
H2

−1 at 0.5 ML (Figure 4a) on these three samples (1.6−9.1 nm
mean diameter); these thermodynamic properties correspond to
those binding modes that prevail at 523−673 K, a temperature
range characteristic of catalytic reactions involving H2 and
mediated by H* species. The heats of adsorption measured here
(Figure 4a) are within the broad range of previously reported
values (31−109 kJ mol−1 at 0 ML and 21−92 kJ mol−1 at 0.4−
0.6 ML, Table 2). Our data and the literature values (Table 2)
show general trends consistent with QH2

values that are

Figure 4.Changes in (a) enthalpy (QH2
=−ΔHH2

°) and in (b) entropy per H2mol (ΔSH2
°) uponH2 adsorption on Pt (9.1 nm (●, purple), 3.0 nm (■,

green), and 1.6 nm (◆, red) mean cluster size; 473−673 K) (dotted curves represent trends). DFT-derived adsorption enthalpies (RPBE) for H*
bound to fcc sites on a Pt(111) surface are also shown (▲, blue) in part a. Error bars represent standard errors from Arrhenius fits shown in Figure 3.
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frequently lower at higher adsorption temperatures. QH2
values

at each coverage also decrease with increasing temperature
because of the different heat capacities of H2(g) and bound H*.
Heat capacities for H*, derived from a degree-of-freedom
analysis,90,91 lead to an estimated decrease in heats of adsorption
of <6 kJ mol−1 between 300 and 673 K (Section S4; Supporting
Information). These corrections are much smaller than the
temperature effects of adsorption enthalpies evident from the
data in Table 2, which therefore do not reflect such capacity
corrections. H* can bind to an ensemble of equilibrated states
some of which bind H* strongly (enthalpically) with little H*
mobility and some which bind H* weakly (enthalpically) with
greater H*mobility. The observed enthalpy changes would then
reflect a gradual shift in the preferred H* binding modes,
specifically toward weaker binding modes as temperature
increases. This reflects a preference for H* states with higher
entropy at higher temperatures to minimize adsorption free
energies.
Standard state heats of adsorption (QH2

) decreased with
increasing coverage on all Pt samples (1.6 nm; Pt/SiO2; 3.0 and
9.1 nm; Pt/Al2O3) as a result of repulsive through-space or
through-surface H*−H* interactions or surfaces that expose
atoms of different coordination, with undercoordinated metal
atoms that uptake H* strongly at low coverages and low-index
planes that bind H* more weakly and become saturated at
higher H2 pressures (and H* coverages).
The initial decrease in QH2

at low coverages (<0.3 ML, Figure
4a) is unlikely to reflect through-surface or through-space
coadsorbate interactions at these low coverages (<0.2ML for 1.6
nm; < 0.05 ML for 9.1 nm) and large H*−H* distances (>1.36
nm on average assuming a random distribution). Such a
decrease in QH2

values even below 0.3 ML appears to reflect H*
species that predominantly occupy low-coordination edge and

corner atoms at these low coverages,3,92 leading to differential
QH2

values that then decrease as such sites reach saturation and
H* incipiently populates low-index terraces with weaker
binding. QH2

values become nearly constant between 0.4−0.8
ML on 3.0 and 9.1 nm particles, indicative of negligible H*−H*
coadsorbate interactions at these coverages. Undercoordinated
sites are likely fully occupied by H* at these coverages and H* is
likely binding to the Pt(111) surfaces which make up the
majority of these particles (61% and 73% of similarly sized
cuboctahedral particles).83 Thus, theseQH2

values (40 and 35 kJ
mol−1) on 3.0 and 9.1 nm diameter particles for 0.4−0.8 ML
likely reflect H* adsorption at these temperatures on Pt(111)
surfaces.
Low-coordination atoms prevail at surfaces of small Pt

particles (1.6 nm Pt cuboctahedral particles have 75% of all
surface atoms in low-coordination environments),83 consistent
with higher heats of adsorption that are also less sensitive to H*
coverage than on larger particles. The slight initial decrease in
QH2

values and the plateau observed between 0.4 and 0.8 ML on
these 1.6 nm particles demonstrate that multiple under-
coordinated sites exist (corners and distinct edges) which bind
multiple H* with different strengths, as shown by DFT
calculations on Ir and Pt particles,3 indicating that site
heterogeneity is present on small particles.
Standard state heats of adsorption (QH2

) values decrease
sharply on all samples at H2 pressures leading to H* coverages
approaching 1 ML (Figure 4a). H* atoms interact repulsively at
such coverages (>0.8 ML, mean H*−H* distances of 0.34 nm),
as observed on Pt(111) surfaces in previous work.3 Coverages
greater than 1 ML become evident as H2 pressures increase on
all samples (Figure 2) even at 473 K and relatively low H2
pressures (10 kPa), indicative of the expected prevalence of

Table 2. Heat of H2 Dissociative Adsorption on Pt Surfaces Reported in the Literature

surface QH2
(kJ mol−1)a coverage of H* (θH) T (K) method

Pt(100) 96 0 78−300 field emission probe-hole microscopy36

Pt(110) 109 0 80−320 field ion microscopy38

Pt(111) 77 0 25−300 thermal energy atom scattering and thermal desorption spectroscopy39

63 0.5
Pt(111) 94 0 90−240 thermal energy atom scattering40

Pt(111) 45 0 150−400 work function change41

38 0.5
29 0.8

Pt(111) 75 0 200−400 low energy recoil scattering−isobars42

58 0.45
stepped Pt(997) 94 0 200−400 low energy recoil scattering−isobars42

Pt black 57 0 300 calorimetry43

Pt filaments 75 0.38 60−420 adsorption isotherms44

46 0.46
Pt filaments 104 0 273 UHV adiabatic calorimetric techniques45

92 0.5
33 0.8

Pt foil 67 0 140−600 adsorption isotherms46

21 0.5
Pt/Al2O3 (1.1 nm)b 61 0 300 calorimetry43

Pt/η-Al2O3 (1.5 nm) 62 0 215 differential scanning calorimetry47

Pt/SiO2 (15 nm) 31 0 215 differential scanning calorimetry47

Pt/SiO2 (5.5 nm) 69 0 300 calorimetry43

Pt/SiO2 (size n/a) 84 0 308 calorimetry48

aPer mol of H2;
bAverage Pt cluster size;
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supramonolayer coverages during ambient H2 chemisorption
experiments typically used to determine metal dispersions, as
reported previously on Pt/Al2O3 and Pt/SiO2 (3 nm)93−95 and
confirmed by DFT-derived estimates of adsorption free energies
on Pt nanoparticles (up to 586 atoms, 2.4 nm).3

The equilibrated nature of H2 adsorption−desorption events
during chemisorption measurements allows H* to bind to an
ensemble of environments and reside in those environments
with a probability distribution dictated by their relative free
energies and the system temperature as described by Boltzmann.
Adsorption enthalpies and entropies, therefore, are temperature-
dependent over wide ranges (Table 2) leading to discrepancies
between low-temperature studies (≤300 K) and high-temper-
ature studies (≥450 K) and catalytic reactions. Adsorption
enthalpies and entropies, furthermore, are dependent on the
coverage and size of the metal particle as these two factors will
influence the available ensemble of binding sites.
Next, we compare measured QH2

values with those derived
from DFT treatments of H* atoms present in distinct binding
modes over a range of H* coverages (0−1ML) on close-packed
Pt(111) surfaces (Table 3) to probe whether this customary
approach can describe the high-temperature adsorption data
reported here. These close-packed Pt(111) planes prevail on
large crystallites;96 they contain three distinct H* binding
locations: (i) atop (Figure 5a) with H* on top of a Ptsurf atom;
(ii) 3-fold fcc (Figure 5b); and (iii) 3-fold hcp (Figure 5c) sites,
which differ in the presence (hcp) or absence (fcc) of a Pt atom
in the immediate subsurface plane. DFT-derived QH2

values
differ slightly among these three sites at low coverages, with a
slight preference for the fcc site (63 kJ mol−1) over the atop (56
kJ mol−1) and hcp (54 kJ mol−1) sites (Table 3). QH2

values on
the Pt(111) surface decrease linearly by 41 kJ mol−1 from 63 to
22 kJ mol−1 (fcc-bound H*) as coverage increases from 1/16 to
1 ML (Figure 4a); similar decreases are evident for atop-bound
H* (41 kJ mol−1) and hcp-bound H* (45 kJ mol−1).
Measured QH2

values on 9.1 nm particles at 0.3−0.7 ML are
essentially constant (35−37 kJ mol−1) and they reflect the
predominant contributions from the (111) terraces that prevail
on large particles. DFT calculations, in contrast, predict QH2

values that decrease linearly with coverage from 63 to 21 kJ
mol−1 as the Pt(111) surface is varied from 0 to 1ML. Attractive
van der Waals interactions among coadsorbed H* may
compensate the repulsive effects described by the functionals

used. These dispersive effects were then estimated using DFT-
D3 methods (no H*−M interactions are included as H* is
chemisorbed in these cases and therefore it will not have induced
dipole interactions with the metal surface). These dispersive
corrections did not influence DFT-derived QH2

values at low

coverage (1/16 ML), but increased QH2
values at 1 ML from 21

to 32 kJ mol−1, thus compensating for much of the H*−H*
repulsion, but still preserving a monotonic decrease in QH2

values with increasing H* coverage. It appears that the nearly
constantQH2

values observed between 0.3 and 0.7MLH* reflect
a slight expansion of the surface as H* coverage increases, as
recently documented by DFT calculations of H* adsorption on
Ir and Pt particles (38−586 atom clusters, 0.8−2.4 nm in
diameter),3 which would further mitigate H*−H* repulsion.
PW-91 functionals typically “overbind”,97 thus leading to QH2

values about 30 kJ mol−1 larger than RPBE functionals at all
coverages (Tables S3 and S4 in the Supporting Information).
The effects of H* coverage on DFT-derived QH2

values are,
however, very similar when using these two functionals and they
also decrease by∼40 kJ mol−1 as H* coverages increase from 1/
16 to 1 ML using PW-91 functionals.

3.3. Entropies of H* Species on Pt Surfaces. Figure 4b
shows the standard state entropy changes upon H2 adsorption
(ΔSH2

) on Pt particles (1.6−9.1 nm) at several H* coverages,

measured from the temperature-dependent KH2
values at each

coverage (Figure 3). These ΔSH2
values (−20 to −80 J mol−1

H2
−1 K−1; θH = 0.2−1.0; Figure 4b) reflect the loss of entropy

per mol H2(g) upon adsorption and the change in the entropy of

Table 3. Adsorption Energies for H* on a 4 × 4 Pt(111) Surface at 593 K Using the RPBE Exchange-Correlation Functionala

vibrational
frequenciesd cm−1

H* covg. mode
ΔE0,H,
kJ mol−1

ΔSvib,H,
J mol−1 K−1

ΔHH,
kJ mol−1

QH2
,b

kJ mol−1
ΔSH,c

J mol−1 K−1
ΔSH*,conf,

J mol−1 K−1
SH*,

J mol−1 K−1
ΔGH,

kJ mol−1

0 → 1/16 atop −31 19 −28 56 −56 23 42 −8 2262 369 368
fcc −29 14 −32 63 −61 23 37 −9 1086 593 588
hcp −24 16 −27 54 −59 23 39 −5 1102 524 523

7/16 → 1/2 atop −20 18 −18 35 −57 1 18 16 2254 431 371
fcc −19 14 −21 43 −61 1 14 15 1099 742 551
hcp −15 15 −18 35 −60 1 15 18 1105 585 498

15/16 → 1 atop −10 16 −7 15 −59 −23 −7 41 2241 451 450
fcc −9 13 −11 22 −63 −23 −10 40 1164 651 649
hcp −2 14 −5 9 −62 −23 −9 45 1162 610 607

aTable S4 in the Supporting Information shows other coverages, and Table S5 shows the same data using the PW-91 functional. bQH2
= −2(ΔHH)

cGas-phase H2 has Strans of 132 J mol−1 K−1 and Srot of 19 J mol−1 K−1. dVibrational frequency of H2(g) is 4331 cm−1.

Figure 5. Binding modes and M−H bond lengths (in pm) for H* on a
Pt(111) surface bound in (a) an atopmode to a single metal atom, (b) a
3-fold mode in an fcc hollow site, and (c) a 3-fold mode in an hcp
hollow site. These specific bonding geometries were obtained at 1/16
ML H* on a 4 × 4 Pt(111) surface using the RPBE functional.
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the H* adlayer upon adsorption of two additional H*, per mol
H2:

θ
θ

Δ =
[ * ]

− [ ]
i

k
jjjjjj

y

{
zzzzzzS

S
S H( ) 2

d H

d H
H H

adlayer
22

(26)

These ΔSH2
can be combined with gas-phase H2 entropies

(S[H2]) to calculate the change in adlayer entropy upon H*
adsorption, which is defined here as the differential H* entropy
(SH*), per mol H*:

θ
=

[ * ]
*S

Sd H

dH
H

adlayer

(27)

Figure 6 shows differential molar H* entropies (SH*; per H
atom) on Pt particles (1.6−9.1 nmmean diameter) as a function
of H* coverage. Measured H* entropies decrease with
increasing coverage on all samples (from 50−65 J mol−1 K−1

at 0.2 ML to 40−55 J mol−1 K−1 at 0.8 ML). Smaller particles
give smaller SH* values (by∼20 J mol−1 K−1 from 9.1 to 1.6 nm),
consistent with the less mobile nature of the more strongly
bound H* on smaller particles (Figure 4a). These H* entropies
can be estimated using immobile and mobile models of the
adsorbed species, as described below.
The entropies of H* species were calculated by treating H* as

(I) an immobile adsorbate bound to specific binding sites, (II)
an atom in an ideal two-dimensional gas, (III) an atom in a two-
dimensional gas with an excluded area but without H*−H*
interactions and (IV) an atom that samples a PES derived from
DFT calculations, which rigorously includes interactions of H*
with the Pt surface and coadsorbates.

Differential H* entropies eq 28 for case I include the changes
in configurational entropy caused by the addition of one more
H* to the “checkerboard” (SH*,conf) and the entropy of the three
vibrational degrees of freedom (two in-plane with the surface,
one orthogonal to the surface) of an immobile H* adsorbate
(SH*,vib

xyz ):

= +* * *S S S xyz
H ,immobile H ,conf H ,vib (28)

H* bound in an atop position on Pt(111) surfaces has a DFT-
derived vibrational frequency near 2250 cm−1 (normal to the
surface) and two vibrational modes near 400 cm−1 along the
surface plane, often denoted as “frustrated translations”; these
vibrational frequencies vary slightly with coverage (Table 3). H*
species at 3-fold sites have a normal vibrational mode near 1100
cm−1 and two frustrated translations near 600 cm−1 (Table 3).
These frequencies lead to slightly larger SH*,vib values at atop sites
(19 J mol−1 K−1 at 593 K) than at either of the 3-fold location
(fcc, 14 J mol−1 K−1; hcp, 16 J mol−1 K−1); SH*,vib values differ by
less than 5 J mol−1 K−1 from 0.06 to 1 ML (Table 3). An adlayer
of immobile H* on a surface also has configurational entropy, as
a system of n adsorbates on N sites in energetically equivalent
configurations gives

= !
! − !
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n N n
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The differential configurational adsorption entropy can be
determined from the derivative of eq 29 with respect to n:
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as previously derived.98,99 These values, when combined with
the vibrational entropies mentioned above, give SH* values of 42
J mol−1 K−1 at H* coverages near 0 and −7 J mol−1 K−1 at H*
coverages near 1 ML (Table 2) when H* atoms are bound in
atop sites, with similar values (at both coverages) when H*
atoms are bound in 3-fold sites (37 and 39 J mol−1 K−1 at low
coverage and −10 and −9 J mol−1 K−1 at high coverage for fcc
and hcp sites, respectively). These estimated SH* values are
much smaller than those measured (40−65 J mol−1 K−1, Figure
6) at all coverages, indicative of the significant mobility of H* on
Pt particle surfaces at typical catalytic temperatures (473−673
K).
The H* adlayer can also be considered as an ideal two-

dimensional gas (case II) with the differential entropy of a H*
atom then given by

= +* * *S S Sxy z
H ,ideal H ,ideal H ,vib (31)

This model treats motion within the plane of the surface as
two-dimensional translation (SH*,ideal

xy ), and the remaining degree
of freedom (motion normal to the surface) is treated as a
vibration (SH*,vib

z ), leading to a single vibration in the entropy
estimates. The normal mode vibrational frequencies are ∼2250
and 1100 cm−1 at the atop and 3-fold binding locations on
Pt(111) surfaces, respectively; consequently, they contribute
less than 2 J mol−1 K−1 to the overall differential entropy values
(SH*,ideal). An ideal two-dimensional gas model gives a uniform
flat PES. The two-dimensional translational entropy of adsorbed
H* (SH*,ideal

xy , eq 17) is the predominant contributor to SH*; it
decreases as coverage increases, and this is analogous to the
decrease in molar entropy with increasing pressure in a three-
dimensional ideal gas.

Figure 6. Entropy of H* on Pt as measured using H2 isotherms on Pt
particles with 9.1 nm (●, purple), 3.0 nm (■, green) and 1.6 nm (⧫,
red) mean cluster size and as estimated (at 598 K) for an immobile H*
adsorbate with configurational contributions (SH*,immobile), an ideal
mobile 2-D gas (SH*,ideal), a mobile 2-D gas with an excluded area term
(SH*,excl), and a mobile H* sampling a PES (SH*,PES). Error bars
represent standard errors from Arrhenius fits shown in Figure 3.
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In case III, the introduction of an “excluded area” term (b), to
account for the area exclusion imposed by coadsorbed H* (eq
18) causes the translational entropy to decrease more sharply
than the ideal case with increasing coverage (Figure 6).
Both the ideal (SH*,ideal) and the excluded area (SH*,co−area) H*

adlayer models predict molar differential entropies (SH*) that
decrease with increasing θ, consistent with measured estimates;
absolute values are also much closer to measured values than for
the case of an immobile H* adlayer (SH*,immobile, Figure 6). This
shows that H* species do not behave as immobile species at
these temperatures; yet, some immobile species are required for
Langmuirian treatments of adsorption and chemical reactions.
Thus far, we have described two extreme characterizations of

H* mobility: immobile H* and barrierless H* diffusion. Next,
we examine whether H* diffusion barriers are consistent with
mobile species DFT-derived PES that include the barriers for
diffusional H* hopping. These PES methods can be used to
calculate a partition function and ultimately SH* values.
Coadsorbate interactions are rigorously captured through the
modifications of the PES with increasing coverage. This PES
treatment should give a larger SH* value than the immobile H*
model if the PES has anharmonic regions, and smaller SH* than
the ideal mobile H* model because H* binding energies vary
with position on the Pt(111) surface (Table 3).
The Pt(111) surface was sampled at 67 points along 6 lines

between the hcp, fcc, and atop sites using a H atom to generate
the PES (Figure 7a). Potential energies (E0) were combined
with zero-point vibrational energies for modes normal to the
surface (ZPVEz) to account for the effects of the normal H*
vibrations. The resulting energies (relative to the most stable
binding mode, the 3-fold-fcc site) are shown in Figure 7b. This
(111) surface, in contrast to the (100) surface previously
modeled,66 has multiple local minima (atop, 3-fold fcc and hcp
sites) and three distinct diffusion pathways which interconnect
these minima. This surface, therefore, is not amenable to a 2-
dimensional sinusoidal treatment of the potential energies used
in the hindered translator diffusion models presented else-
where.63−66 This motivates the use of the complete semiclassical
treatment of the PES as described below. Diffusion from the fcc
to the hcp site along sampling line 1 shows a 6 kJ mol−1 barrier
(RPBE, 1/16 ML H*, Figure 7b) which is just 30% larger than
kT at 593 K. These small fcc→ hcp diffusion barriers (relative to
kT) lead to anharmonic character, indicating that the harmonic
oscillator approximation would be inaccurate for these entropy
modes. Diffusion into and out of atop sites (sampling lines 2, 3,
and 6), in contrast, show barriers of ∼12 kJ mol−1 (2.34 kT at

593 K), indicative of activated H* diffusion. Rate coefficients for
H* diffusion from and to atop sites were estimated to be on the
order of 106 s−1 from these barriers and a pre-exponential factor
of 107 (on the low end of reported values).100 Such high H*
diffusion rates indicate that the H* adlayer is equilibrated within
the 0.9−3.6 ks equilibration times used in the H2 chemisorption
measurements (Section 2). This indicates that H* atoms
effectively sample all sites on the catalyst surface at each point in
the isotherms and supports the assumptions of equilibrated H2
adsorption/desorption and diffusion used throughout this work.
The energies, relative to the most energetically favorable

binding mode, in Figure 7b are used to interpolate energies
across the triangular region that lies between atop, hcp, and fcc
sites (Figure 7a). The symmetry of the Pt(111) surface is then
used to generate the PES for Pt(111) surfaces with unit cell sizes
from 1 × 1 to 4 × 4, corresponding to 1/16 to 1 ML using the
RPBE and PW-91 functionals (Figure 8). The low diffusional
barriers connecting the 3-fold hcp and fcc sites create well-
defined paths for rapid H* diffusion across the surface (marked
in blue in Figure 8), consistent with mobile H* species which
sample an ensemble of equilibrated states within the time scales
of these isotherm measurements. These regions of low relative
energy, along with those near the atop site, result in large areas
that H* can occupy with similar probability. This leads to SH*
values derived from these PES sampling methods (eqs 16, Table
4) larger than those for immobile H* species, but lower than
measured values (Figure 6).
As H* coverages increase and H*−H* distances decrease, the

H* translational entropies decrease (as in the case of an ideal
two-dimensional gas, eq 31), but the effective area per Pt atom
(αPES) increases, because the PES becomes less “corrugated”. At
0.06 ML, αPES is 1.16 × 10−2 nm2, a value that corresponds to
17% of the area for the uniform PES (for a Pt atom in Pt(111)
surfaces, 6.67× 10−2 nm2) and αPES increases to 1.99× 10−2 nm2

(30%) at 1 ML. The higher H* coverages and the flatter PES
combine to decrease SH* values from 42 to 31 J mol−1 K−1 as the
H* coverage increases from 0.2 to 0.8 ML (Figure 6); such
trends are qualitatively consistent with the 10 J mol−1 K−1

decrease in measured SH* values over a similar range of coverage.
Immobile H* adsorption models, in contrast, predict a much
larger decrease in SH* values over this coverage range (∼50 J
mol−1 K−1, Figure 6) than all other models and much larger than
the decrease in measured values (Figure 6). The PW-91
functional predicts larger barriers between atop and 3-fold sites
(Figure 8b,d,f) than RPBE and predicts a less uniform PES with
areas of higher relative energy than those observed using the

Figure 7. (a) Sampling of the Pt(111) surface for PES generation. (b) Relative energies (kJ mol−1, RPBE) of each point for the six lines mapped out in
part a. The thermal energy (kT) value is shown at 593 K.
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RPBE functional. These differences between the two functionals
become more evident in surface regions where the energy is
much larger than kT; these regions would be seldom sampled by

diffusing H* species. Consequently, these differences between
RPBE and PW-91 functionals do not affect αPES at these
temperatures. SH* values decrease from 52 to 29 J mol−1 K−1 as

Figure 8. PES (Ez) for a H* atom on Pt(111) surfaces at (a) 1/16ML (4× 4, RPBE), (b) 1/16ML (4× 4, PW-91), (c) 1/2ML (1× 2, RPBE), (d) 1/
2 ML (1 × 2, PW-91), (e) 1 ML (1 × 1, RPBE), and (f) 1 ML (1 × 1, PW-91). Symbols represent the following: (●) minima; (▲) saddle points
(transition states for H* diffusion); (×) sampling points on the Pt(111) surface shown in part a. Line numbers correspond to Figure 7.
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coverages increase from 0.06 to 1 ML using the PW-91-derived
PES and from 52 to 30 J mol−1 K−1 for the RPBE-derived PES.
These PES-derived SH* values do not include any ad hoc
assumptions about H* mobility; they treat the adlayer as one
composed of noninteracting H* species that sample a PES
imposed by the underlying Pt atoms, while H*−H* interactions
are treated through the perturbations that they impose, in turn,
on the PES. The SH* values from this method lie between those
for immobile H* (harmonic oscillator treatments of vibrational
entropies and statistical mechanics formalisms for configura-
tional entropies, eqs 28−30) and for H* atoms treated as a two-
dimensional gas with or without excluded area terms, eqs 18 and
19.
Measured SH* values are larger than those estimated from all

these models of the H* adlayer (immobile, 2-D gas, PES; Figure
6), including the 2-D ideal gas treatments of the H* adlayer.
Quantum-chemical treatments of PES have been previously
compared to semiclassical treatments for H* on Pt(100)
surfaces66 and that work showed good agreement between the
quantum and semiclassical treatments above ambient temper-
ature, indicating that the deviations with experimental values
would not be resolved by applying quantum methods. All
treatments of these H* adlayers focus on the Pt(111) surface,
which represents 45%, 61%, and 73% of cuboctahedral particles
of 1.6, 3.0, and 9.1 nm in average diameter. If the models’
underestimates of SH* arose from the presence of (100) facets,
corners, and edges, the discrepancies betweenmodel predictions
and data would become more apparent on smaller particles,
while the opposite trends are evident from the data in Figure 6.
The diffusion of H* into subsurface regions of Pt particles may
lead to lower QH2

and higher SH* values if the subsurface H*
atoms aremobile within the crystallite bulk as they would be able
to diffuse in three dimensions. The solubility of H atom in Pt
metal, however, is very low;101,102 in addition, H*migration into
the bulk is endothermic by 45−75 kJ mol−1 for Pt79−Pt405 atom
particles (0.8−2.5 nm diameters),3 indicating that subsurface
H* are thermodynamically unfavorable, especially on larger
particles, which show the largest deviation in SH* between data
and model predictions (Figure 6). PES-derived entropies eq 16
increase as the PES becomes more uniform or “flatter” (an ideal
PES is completely flat). The strength of the H−M bond will
directly impact adsorption enthalpies and the uniformity of the
PES, as a stronger H−M bond will be more difficult to cleave
during H*-diffusion events which would cause the diffusion
barriers calculated here (Figure 7b) to increase and thus the PES
would be more corrugated if DFT overestimates the H−Mbond
strength. This relationship between H−M bond strength and
PES corrugation is also observed by comparing PES from the
RPBE and PW-91 exchange correlation functionals (Figure 8),
where the PW-91 functionals predict stronger H−M bonds
(Table 3 and Table S5) and more corrugated PES. Thus, if DFT
overpredicts H−M bond strength, as indicated by the
overprediction in H2 adsorption enthalpies (Figure 4a, RPBE,
Table S5 for PW-91), it follows that DFT estimates of the PES
are more corrugated than the true underlying PES, leading to
underpredicted SH* values from such estimates.

4. CONCLUSIONS

H2 uptake measurements on Pt at moderate temperatures
(523−673 K) have been used as a thermodynamic probe instead
of a site-counting technique. These measurements on Pt
particles (1.6−9.1 nm) gave adsorption entropies which indicate

that chemisorbed hydrogen species are mobile and show that
heats of adsorption decrease with increasing coverage.
Thermodynamic properties of adsorption change with coverage
in a manner consistent with the inherent nonuniformity of Pt
particles that have exposed Pt sites with varying coordination
and with mobile H* atoms that interact at high coverages.
Statistical mechanics formalisms are used to estimate H*
entropies from DFT-calculated vibrational frequencies and
potential energy surfaces (PES) assuming (i) immobile H* and
mobile H* on (ii) a uniform ideal PES, (iii) an area-excluded
PES, and (iv) a DFT-derived PES. The mobile H* models
estimate H* entropies that are significantly larger than the
immobile H*model and within error of measured values. DFT-
derived H* diffusion barriers, furthermore, are calculated to be
within 1−2 kJ mol−1 of thermal energies (kT) at these
conditions (473−673 K), indicating that H* can rapidly diffuse
between Pt-binding sites at these conditions. The high degree of
mobility of H* and significant H*−H* interactions invalidate
underlying assumptions within the ubiquitous Langmuir model.
Yet, Langmuirian treatments are able to describe adsorption
isotherms (including those presented in this work), indicating
the insensitivity of individual isotherms to atomic properties.
Langmuir models, therefore, merely provide a good phenom-
enological description of the process, and adsorption and kinetic
parameters obtained from Langmuirian adsorption and kinetic
models must be scrutinized in the context of adsorbate mobility
and coadsorbate interactions, especially for species with
relatively weak adsorbate-metal bonds. The nonideality of
adsorbed hydrogen species, furthermore, also suggests that
rigorous kinetic treatments for catalytic surface reactions should
be based on activity and not on concentration and stresses the
importance of gathering kinetic data over wide ranges of that
activity and surface coverages.
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