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Understanding the interactions of hydrogen atomswith the surface and the subsurface regions of Pd is critical to
the development of advanced energy technologies for hydrogen storage, hydrogen separations, and catalytic
conversion processes. While many of the physical and chemical characteristics of the H2–Pd system are
known, the kinetics and thermodynamics of H atom absorption into the bulk, transport from the bulk
back to the surface, and desorption from the surface remain unclear. In this work, the kinetics of D2 release
from Pd following exposure to D2 over a range of pressures and temperatures were measured using tem-
perature programmed desorption. To accurately simulate the kinetics of D2 release, the continuum-
based model of Mavrikakis, et al. (J. Chem. Phys 105, 8398, 1996) was extended to include activation bar-
riers for desorption and transport that depend on D atom concentration in the surface, subsurface and bulk
regions of the Pd. The use of concentration dependent barriers improves the ability of the model to predict
the hydrogen uptake and release kinetics observed across temperatures ranging from 100 to 600 K.
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1. Introduction

The ability ofmetallic Pd to dissociate H2 and absorb H atoms has led
to its use in a number of important technologies, including H2 separa-
tion, H2 storage, and heterogeneous catalysis. However, despite years
of experimental and computational study of the Pd–H system,manyde-
tails of the atomic level interactions between Pd and H remain unclear.
Only a few studies have combined first-principles calculations and ex-
perimental data to develop kinetic and thermodynamic models of hy-
drogen uptake, transport, and release from Pd; even fewer models can
predict the behavior of the Pd–H system over a wide range of tempera-
tures and concentrations [1]. A significant challenge to the development
of suchmodels is a complete understanding of pathways and energetics
for H penetration into bulk Pd.

H-transport in solids is commonly described using a theoretical
framework based on a set of mean-field reaction–diffusion equations.
A historical perspective of the evolution of this approach is given by
Pisarev et al. [2]. Themost frequent application of thismodeling scheme
has been to describe H-permeation in separation membranes, storage
devices, andnuclear reactorwalls.Mean-field reaction–diffusionmodels
customarily focus on either surface-limited or bulk-limited regimes
depending on the temperature. For transport across a membrane, they
stipulate equilibrium between H in the bulk metal and in the gas-
phase (i.e. Sievert's law) and they typically describe the temporal and
spatial H distribution in the bulk by assuming that the flux is directly
proportional to the linear chemical potential (concentration) gradient
across the membrane [1–6]. These assumptions are introduced because
the nonlinear boundary conditions preclude an exact analytic solution to
the system of equations governing the concentrations in the bulk. A
shortcoming of these assumptions – particularly Sievert's law – is that
they explicitly ignore the surface-bulk interface.

More detailed H transport models have been developed to model H
uptake in hydrogen storage systems [7] and to replicate the transient ki-
netics of H release/desorption in Pd as observed in TPD experiments [8–
10]. The range of desorption features observed in TPD studies illustrates
the complexity of the phenomena that occur in H–Pd systems, and pro-
vides insight into the processes involved in the release of H. The differ-
ent TPD desorption features include a low temperature desorption
feature (between 130 K and 200 K depending on the heating rate and
exposure) assigned to the decomposition of a ‘near-surface phase of
Pd hydride’, a feature at ~250 K assigned to surface reconstruction and
defect-induced desorption, a feature at ~300 K assigned to recombina-
tive desorption of H atoms on the surface, and a high temperature fea-
ture assigned to H diffusion and release from the bulk [11–21]. A
number of surface science studies have established that these desorp-
tion features are related to the exchange of H between three distinct re-
gions: the surface, the immediate subsurface layer, and the bulk [11–
14,16,18–21]. The importance of a distinct subsurface region is now a
well-established feature of the H–Pd system and is considered an inte-
gral component of any model that describes the kinetics of H uptake
and release at Pd surfaces. A schematic diagram of the H–Pd system,
which defines the distinct regions of the Pd(100) system studied in
this work (surface, subsurface, and bulk), appears in Fig. 1. The small
blue, green, and orange spheres represent H atoms in the surface,



Fig. 2. Temperature programmed desorption (TPD) of D2 (m/q=4) from Pd(100) moni-
tored with a mass spectrometer. The spectra correspond to exposures performed for
100 s at (a) 120 K and (b) 200 K Pd sample temperatures. The pressures used in
(a) are 8.5×10−10, 2.0×10−9, 1.14×10−8, 1.43×10−7, and 2.8×10−6 Torr; and
in (b) 8.57×10−10, 2.0×10−9, 5.71×10−9, 1.14×10−8, 2.28×10−8, 1.0×10−7,
1.43×10−7, 2.85×10−7, and 1.42×10−6 Torr. The pressures were measured using
an ion-gauge and normalized by D2's relative sensitivity: 0.35. TPD measurements
were initiated at 100 K and continued with a sample heating rate of 3 K/s. Four fea-
tures are present in the figures: α, β1, β2 and γ.

Fig. 1. Representative diagram for the simulated D–Pd system. The small blue, green, and orange atoms correspond to D in the surface (S), subsurface (SS), and bulk (B), respectively. The
large gray atoms correspond to Pdwhich surrounds D. The enlargement of the unit cell illustrates the surface hollow, subsurface tetrahedral, subsurface octahedral, bulk tetrahedral, and
bulk octahedral sites. The model assumes H only occupies hollow sites on the surface and octahedral sites in the subsurface and bulk.
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subsurface, and bulk of Pd, respectively. The large gray spheres repre-
sent Pd atoms that surround H atoms. The enlargement of the fcc unit
cell shows the locations of the surface four-fold hollow site, subsurface
tetrahedral site, subsurface octahedral site, bulk tetrahedral site, and
the bulk octahedral site. The tetrahedral sites are considered to be tran-
sient or metastable sites along the reaction pathway leading from the
surface four-fold hollow to the subsurface octahedral site to the bulk oc-
tahedral site.

Mavrikakis et al. [8–10], using a mean-field modeling framework
similar to that described by Pisarev [2], simulated the H–Pd(110)
TPD experiment performed by Conrad et al. [11]. Three aspects distin-
guish Mavrikakis' approach from previous modeling efforts: a three-
domain model including the surface, subsurface, and bulk regions; a
consistent treatment of both isothermal exposure and heating stages
of the experiment; and a numerical solution scheme involving a dis-
crete element representation of the bulk domain.

The range of desorption features observed in TPD experiments for
H2 on Pd surfaces suggests that models that use constant barrier
heights for the elementary steps cannot completely describe uptake
into and release from Pd [12,21–23]. Discrepancies among transport
mechanisms become particularly apparent when describing H uptake
into the Pd bulk at temperatures b300 K. Many studies have attribut-
ed low-temperature transport into the subsurface to tunneling effects
or to a separate reaction coordinate that directly links gas-phase H2 to
H atoms in subsurface sites; however, while energetically possible,
such mechanisms have a low probability [24–26]. Transport into the
bulk via minority defect sites is also a commonly proposed pathway
[12–14,21]. More recently, first principles calculations have shown
that H-induced distortion of the top few Pd layers influences the ener-
getics of the H transport pathways into the bulk. These studies predict
H-induced lateral distortion (intralayer relaxation) and plane-to-plane
separation (interlayer relaxation) of the Pd lattice due to adsorption
and absorption of H; these relaxations destabilize H at surface sites
and stabilize H at subsurface sites, respectively [19,25,27,28]. Most of
the existing models of H uptake and transport in Pd have been based
on the use of kinetic parameters that are independent of the H concen-
tration in the system thus, limiting their applicability to low concentra-
tion regimes. We believe that a kinetic model of H transport in Pd must
account for concentration (H-occupation of the surface and subsurface)
dependence of the kinetic parameters.

Wehave developed amodel for hydrogenuptake, bulk transport, and
release from Pd(100) that builds on and extends thework of Mavrikakis
et al. [10] by incorporating activation barriers that depend on H-atom
concentration in the various sites along the penetration pathways. A
key feature of our simulations, which follows from Mavrikakis et al., is
that all three experimental stages – exposure, cooling/evacuation, and
temperature programmed heating – are incorporated into the model
to eliminate the need for assumptions about the initial H atom
concentration distribution within the Pd prior to the TPD experiments.
With the assumption that the H concentration in the Pd crystal is negli-
gible before we initiate exposure to H2, we allow the model to describe
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both the uptake into and release of H from Pd. Using our own TPD re-
sults obtained for D2 uptake and release from Pd(100), which were ac-
quired over a range of exposure conditions, we illustrate the need to
incorporate concentration dependent activation barriers into the
model to accurately reproduce experimental observations.
2. Experimental methods

Temperature Programmed Desorption (TPD) experiments using D2

on Pd(100) were performed in a stainless steel UHV chamber with a
quadrupole mass spectrometer (QMS; Ametek Inc., Dycor 2000) to de-
tect the desorbing D2. The chamber is evacuated with a turbomolecular
pump, a cryogenic pump, and a titanium sublimation pump to a base
pressure of 1×10−9 Torr. The chamber is equipped with an X-ray pho-
toelectron spectroscopy (XPS) system that we used for verification of
the cleanliness of the Pd(100) crystal. XPS measurements were carried
out with a hemispherical electrostatic energy analyzer (VG CLAM 2)
and an X-ray source (SPECS/XRC-1000) operating at 20 mA with an Al
anode at a 13 kV potential.

The Pd(100) single crystal wasmounted, via Ta leads spot-welded to
its edges, to an electrically isolated copper block that was in thermal
contact with a liquid nitrogen reservoir. The sample was heated resis-
tively by passing current directly through it via the Ta leads. The crystal
temperature was measured with an alumel–chromel (K-type) thermo-
couple spotwelded to its backside. This configuration allowed control of
crystal temperature between 80 and 1400 K.

The surface of the Pd substratewas prepared outside the chamber by
polishing it to a mirror finish using a sequence of fine grit SiC paper and
Buehler METADI® diamond suspensions. Once inside the chamber, the
surface was cleaned by 10-minute cycles of Ar+ sputtering (1 kV),
annealing at 1000 K, and oxidation in 10−7 Torr O2 at 700 K. Cycles
were repeated until the main contaminant, carbon, was removed, as
confirmed by the absence of CO (m/q=28) in the QMS desorption
trace obtained during heating after exposure to O2.

For theD2 TPD experiments, the clean Pd(100) surfacewas exposed to
D2 (Matheson Tri Gas, research grade) introduced into the chamber via an
external leak valve. D2 adsorption was performed with the Pd(100) sur-
face held at either 120 K or 200 Kwhile exposing its surface to D2 at pres-
sures from 8.5×10−10 to 2.8×10−6 Torr for 100 s. In reaction–diffusion
Fig. 3. Adsorption isotherms showing uptake (integral area under TPD profile) versus
exposure (pressure during 100 s exposure) and equivalent L (1L=1×10−6 Torr·s)
for two exposure temperatures: 120 K and 200 K. The dotted line is to guide the eye.
The uptake is similar with increasing pressure until a breakpoint occurs, which coin-
cides with near surface saturation. At this point there is a change in the rate limiting
step for uptake (i.e. the uptake/sticking coefficient changes).
systems the pressure–time symmetry is broken [16], and therefore,
reporting exposures in Langmuir (1L=10−6 Torr·s) can be misleading.
At the end of the exposure, the Pd(100) sample was cooled to 100 K
while the residual D2 was evacuated from the chamber. TPD was per-
formed by positioning the surface immediately in front of the aperture
to the QMS and heating the surface from 100 to 700 K at 3 K/s. The
rates of D2 desorption were monitored by the QMS. We chose to use D2

over H2 to improve the signal-to-noise ratio of the TPD measurements
and eliminate the possibility of overlap from H2O ionization signals.

3. Experimental results

The kinetics of D adsorption, absorption, release and desorption
from Pd(100) was studied by TPD following exposure of the Pd(100)
surface to D2 over a range of temperatures and pressures. TPD spectra
acquired after exposing the Pd(100) single crystal to D2 for periods of
100 s at pressures from 8.5×10−10 to 2.8×10−6 Torr are shown in
Fig. 2. The TPD spectra obtained for D2 exposure at 120 K appear in
Fig. 2a and those for exposure at 200 K in Fig. 2b. The key difference be-
tween exposure at these two temperatures is that at 120 K there is no
significant dissolution of D atoms into the bulk of the Pd(100) crystal,
whereas at 200 K, D atoms are able to dissolve into the Pd(100) bulk
[11–14,16,18,19,21,23]. We chose a maximum exposure temperature
of 200 K tominimize desorption during the D2 exposurewhile allowing
bulk dissolution [13]. Consistent with previously published studies [13–
19], our TPD spectra display four main features; in increasing order of
their peak temperatures, they are labeled α (140 K), β1 (260 K), β2

(305 K), and γ (N305 K). With increasing D2 exposure, the first TPD
feature to appear is β2, followed by γ, β1, and α, in that order.

Theβ2 feature corresponds to second-order recombinative desorption
of D atoms from the Pd(100) surface [13–19]. For low exposures at both
120 K and 200 K, β2 is the only feature that appears, reflecting the sta-
bility of surface D atoms at low exposures. The β2 peak maximum,
Tβ2, shifts to lower temperatures with increasing exposure, which is
typical of a second-order recombinative desorption mechanism. Fol-
lowing the 120 K exposures (Fig. 2a), Tβ2 occurs at ~320 K for the low-
est exposure (8.5×10−10 Torr for 100 s) and shifts to ~305 K after
exposures greater than 1.0×10−7 Torr for 100 s. The values of Tβ2 for
the two highest exposures at 120 K are identical indicating that the β2

surface state has reachedmaximumoccupancy. This behavior is difficult
to observe for exposures at 200 K (Fig. 2b) due to the overlap of the β2

feature with the lower temperature β1 feature. Overlap of features in
TPD spectra presents a significant challenge to the analysis of these
TPD spectra for kinetic and mechanistic information.

The high temperature tailing edge on the β2 feature is designated
γ. The γ feature prevents the observation of a common tailing edge on
the β2 feature as would be expected for simple second-order desorp-
tion. The γ feature is associated with D diffusion from the Pd bulk to
the surface followed by desorption. Other researchers have made
this assignment based on the high desorption temperature of the γ
feature, its dependence on exposure time, and the observation that it
does not saturate with increasing exposure [13–19]. In studies of H2-
TPD from Pd(110) and Pd(100) conducted at hundreds of Langmuir ex-
posure and at temperatures above 300 K, γ has been observed as a
prominent feature that is clearly resolved from the β2 feature [13,17].
We observed the γ feature as non-overlapping, high temperature tails
on the β2 feature for exposures at both 120 and 200 K, suggesting
that diffusion of D into the bulk occurs during heating following
low-temperature exposures.

For 100 s exposures at pressures N5×10−9 Torr, at both 120 and
200 K, a low-temperature shoulder designated β1, appears on the β2

desorption feature. At these exposures, desorption begins at lower
temperatures than expected for a simple recombinative process follow-
ing the kinetics of the β2 feature. This indicates that the effective activa-
tion barrier for desorption of adsorbed D has been lowered. High
exposures at 120 K cause only a slight increase in the overall desorption



Fig. 4. Free energy diagram showing the approximate stabilities of atomic H in the three
primary states and their corresponding rate constants. The seven primary rate processes
are indicated by the arrows in the diagram with the respective rate constants. The seven
rates constants are adsorption, kads, desorption, kdes, forward and reverse transport be-
tween the surface and subsurface, kS→SS and kSS→S, forward and reverse transport be-
tween the subsurface and bulk, kSS→B and kB→SS, and bulk diffusion, fD.
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rate measured at the β1 and β2 features (Fig. 2a). In contrast, for expo-
sures at 200 K, the desorption rates for both the β1 and β2 features con-
tinue to increase with increasing exposure, with the β1 feature
becoming dominant (Fig. 2b). The difference in the growth rate of the
β1 feature for the two exposure temperatures indicates that β1 occupa-
tion is dependent on exposure temperature, which suggests that ab-
sorption into the bulk and transport from the bulk of the Pd(100) may
play an active role in determining the growth of the β1 feature. The
TPD spectra for the two highest exposures at both 120 K and 200 K dis-
play constant values of Tβ1 and Tβ2. This suggests that a first-order
mechanism dominates the process and has been ascribed to bulk-to-
surface transport [13,14,18].

The α TPD feature only appears following the highest exposure,
2.8×10−6 Torr, at 120 K, as shown in Fig. 2a.While themechanistic de-
tails ofα desorption remain unclear,Wilde et al. proved that desorption
of the α feature occurs concomitantly with depletion of the H concen-
tration in the subsurface region (top ~50 atomic layers). This was dem-
onstrated by correlating the signal from 1H(15N,αγ)12C nuclear reaction
analysis with TPDmeasurements [12,29,30]. H2 desorption in theα fea-
ture has also been observed to have the following general characteris-
tics: the feature only appears for exposure temperatures below 150 K;
the desorption mechanism for the α feature shifts from first-order to
zero-order kinetics with increasing exposure; the mechanism includes
atomic recombination; the peak does not saturate, even at very high ex-
posures; and the magnitude and location of the feature is sensitive to
the presence of surface defects and site blocking molecules such as CO
[12–14,16,19,21,23,31]. The exposure required to produce theα feature
varies amongpublished reports due to thediversity of Pd surfaces, expo-
sure temperatures, and H isotopes used in the studies. However, despite
multiple discussions of the feature, there is no consistent mechanistic
model that adequately explains how the effective barrier for H recombi-
nation and desorption is lowered to allow desorption at temperatures
nearly 150 K below those observed for surface recombination (β2 fea-
ture). While hydride phase decomposition seems to be a favored expla-
nation [12–14,16,19,21,23,31], the mechanism still remains to be
verified.

The D uptake at 120 and 200 K, estimated from the areas under
the TPD spectra, are compared in Fig. 3 as functions of D2 pressure
during a 100 s exposure. The uptake profiles at the two exposure tem-
peratures are nearly identical until they diverge at ~10−8 Torr. Simi-
lar uptake profiles for low exposures indicate similar uptake rates and
suggest surface-only occupation. At 120 K, the rate of D uptake drops
considerably for exposures above 1×10−8 Torr indicating that there is
a substantial barrier to D occupation of the Pd(100) subsurface and the
bulk. However, at 200 K, uptake continues for exposures N10−8 Torr in-
dicating that D absorption into the Pd bulk continues as the surface
nears saturation.

Our results suggest that uptake and release of D are dependent on
both the sample temperature during exposure and the concentration
of D in the various occupation sites on the Pd(100) surface and in its
bulk. The temperature dependence is reflected in the difference be-
tween the high-exposure uptake profiles observed at 120 K and 200 K
and the dominance of the β1 feature in TPD experiments following ex-
posures at 200 K. The divergence in uptake profiles that occurs at
~10−8 Torr suggests that at both temperatures, the Pd(100) surface is
saturated before population of the subsurface and bulk occurs. At
120 K, the D cannot penetrate deeply into the bulk and so additional ex-
posure results in little net increase in the uptake of D. This was con-
firmed by the concentration depth profiles measured by Wilde et al.
[12]. At 200 K, penetration of D into the subsurface and bulk opens
sites on the surface for additional adsorption and uptake of D.

To date, there are no models that have been able to capture all of
these features.With the exception of simple surface site-blocking effects,
the concentration dependence of the kinetics for penetration of D into
the subsurface and bulk has never been introduced into a kinetic
model for D or H interactions with Pd. We now turn to a demonstration
that concentration dependence in the kinetic rate constants is an impor-
tant consideration for modeling the penetration pathways of H or D into
the Pd bulk and their release during the TPD experiment.

4. Model, simulation methods, and results

A schematic diagram of the H–Pd system, which defines the distinct
occupational regions of the Pd(100) system (surface, subsurface, and
bulk), appears in Fig. 1 and was described earlier. A low-coverage, free
energy diagram for atomic H on the Pd(100) surface and in the Pd
bulk is shown in Fig. 4. The free energy diagram illustrates the relative
stabilities of H atoms in the three regions and the barriers to the trans-
port of H atoms between them. For the purposes of this work, the tetra-
hedral sites are considered to be metastable and the only three stable
states considered are the surface hollow, subsurface octahedral site and
the bulk octahedral site. The seven primary rate processes in the model
are designated by their rate constants: kads (adsorption), kdes (desorp-
tion), kS→SS and kSS→S (forward and reverse transport between surface
(S) and subsurface (SS)), kSS→B and kB→SS (forward and reverse trans-
port between the subsurface (SS) and bulk (B)), and bulk diffusion, fD.

4.1. Rate equations and simulation details

The transport model for D adsorption, absorption and desorption
from Pd(100) is based on the description of the D–Pd system as de-
fined in Figs. 1 and 4, and includes three distinct occupation regions
(surface, subsurface, and bulk) and seven rate equations. We used
density functional theory (DFT), with the generalized gradient approx-
imation, to identify energetically preferred locations of H atoms on the
Pd(100) surface and within the Pd(100) subsurface and bulk. Details
of the DFT method employed are described in [32,33] and references
therein. Our DFT results, which agree with other reports (summarized
by Jewell et al. [34]), show that the most stable site on the surface is
the fourfold hollow and the most stable site in the subsurface and
bulk are octahedral sites. The DFT calculations indicate that D occupa-
tion of the top and bridge sites on the (100) surface is significantly
less stable than occupation of the fourfold hollow sites. In addition,
the tetrahedral sites in the subsurface and bulk are energetically unsta-
ble with respect to the hollow site on the surface and octahedral site in
the bulk. Therefore, we donot include the top, bridge, or any tetrahedral
sites in themodel and consider the subsurface to be the first set of octa-
hedral sites below the surface.

We have modeled temporal and spatial changes in D concentra-
tion in the various Pd regions using a system of continuum transport
equations similar to those described by Mavrikakis et al. [8–10]. The
temporal D concentrations in the surface and subsurface domains
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are described using ordinary differential equations (ODEs). The spa-
tiotemporal D concentration in the bulk domain is modeled using a
one-dimensional partial differential equation (PDE). The ODEs and
PDE incorporate transport rate terms, which include rate constants,
concentrations of source D atoms, and concentrations of unoccupied
sites in the neighboring region. To extend the approach of Mavrikakis
et al., we explore how concentration dependent activation barriers
influence the overall kinetics of D atom uptake during exposure and
D atom release during heating.

The system of equations describing the spatiotemporal changes in
concentrations of D in the surface, subsurface, and bulk domains is

dθ tð Þ
dt

¼ −rdes þ rads−rS→SS þ rSS→S

dCSS tð Þ
dt

¼ −rSS→S þ rS→SS−rSS→B þ rB→SS

∂CB t; xð Þ
∂t ¼ fD⋅

∂2CB t; xð Þ
∂x2

ð1Þ

where x is the direction of D atom transport (normal to the surface
plane) and the D concentrations in surface, subsurface, and bulk are
θ(t), CSS(t), and CB(t, x), respectively. The individual rates, which
have been normalized by the site concentrations to give units of
s−1, are given as

rads ¼ kads⋅PD2 ;gas
⋅ 1−θ tð Þð Þ2

rdes ¼ kdes⋅θ tð Þ2
rS→SS ¼ kS→SS⋅θ tð Þ⋅ 1−CSS tð Þð Þ
rSS→S ¼ kSS→S⋅CSS tð Þ⋅ 1−θ tð Þð Þ
rSS→B ¼ kSS→B⋅CSS tð Þ⋅ 1−CB t; x ¼ 0ð Þð Þ
rB→SS ¼ kB→SS⋅CB t; x ¼ 0ð Þ⋅ 1−CSS tð Þð Þ

: ð2Þ

The initial conditions at t=0 for theODEs and PDE,which reflect the
state of the system before D2 exposure are θ(0)=0, CSS(0)=0, and CB
(0, x)=0. The boundary conditions for the PDE diffusion equation are

∂CB t;0ð Þ
∂t ¼ NS

NB
⋅ rSS→B−rB→SSð Þ

∂CB t; Lð Þ
∂x ¼ 0

ð3Þ

where x=0 is the subsurface to bulk boundary, x=L is the thickness of
the Pd crystal, NS is the areal number density of octahedral sites in one
atomic Pd layer (6.68×1018 m−2), andNB is the number density of sites
in the bulk (1.7×1028 m−3).

A number of other assumptions are included in the model: it in-
cludes only D motion perpendicular to the surface; it accounts for
all interactions by a mean-field treatment; and the Pd metal is as-
sumed to be defect free. The no flux boundary condition at x=L is
justified by a simple estimate of the diffusion distance of a D atom
through the Pd bulk. The distance that a D atom travels is given byd ¼ffiffiffiffiffiffi
fDt

p
where fD is an Arrhenius-like rate constant. The diffusion coeffi-

cient for D in Pd has ΔEdiff=0.21 eV and a pre-exponential factor of
1.7×10−7 m2/s [35]. Given these values, D diffuses a distance of
~76 μm in 100 s at 300 K. Our highest exposure temperature was
200 K, so performing this calculation at room temperature provides
a conservative estimate of the diffusion distance of D into Pd under
the conditions of our experiment. This result justifies the use of the
no flux boundary assumption for the ~2.5 mm thick single crystal
used in the experiments and the simulation (i.e. L=2.5 mm). This
same assumption was used by Mavrikakis et al. [10].

The rate of D release from Pd, which is measured by the QMS during
the TPD experiment, is the sum over the derivatives of θ(t), CSS(t), and
CB′(t) assuming rdes≫rads

rrelease ¼ − dθ tð Þ
dt

− dCSS tð Þ
dt

−dCB′ tð Þ
dt

ð4Þ
where CB′(t)=
NB

NS
∫
L

0
CB t; xð Þdx. The assumption is reasonable provided

that the pumping speed of the chamber keeps the pressure of D low
enough to avoid re-adsorption during the desorption experiment, a
normal condition in a TPD experiment.

The simulations account for all independent variables in the TPD ex-
periment including single crystal thickness, Pd temperature, D2 pres-
sure during exposure, sample cooling during D2 evacuation, and
sample heating during TPD. A key feature of these simulations is that
all three experimental stages – exposure, cooling/evacuation, and tem-
perature programmed heating – were incorporated into the model to
eliminate the need for assumptions about the D concentration distribu-
tion within the Pd immediately following adsorption and prior to TPD.
Thus, D concentrations and distributions within each region of the sys-
temwere never assigned a priori, other than assuming that the concen-
trationswere zero before exposure of the Pd(100) to D2. Performing the
simulation in this way allows the kinetic equations and thermodynamic
constants to govern the D distribution during both uptake and release.

The initial gas-phase D2 pressure and sample temperatures of either
120 K or 200 K during exposure were assigned for each simulation. The
initial gas-phase exposure pressure was based on ion-gauge readings
recorded during the experimental exposures (adjusted by the ion-
gauge sensitivity factor of 0.35 for D2). Based on our ability to rapidly
pump D2, the D2 partial pressure during the cooling and heating stages
was assumed to be 10−11 Torr. During the 100 s cooling/wait period be-
tween the end of the exposure and the initiation of the TPD experiment,
the temperaturewas assumed to decrease at a constant rate from either
120 K or 200 K to 100 K.

The system of equations was solved numerically by means of
Matlab and Comsol Multiphysics with the UMFPACK nonlinear solver
and variable time step sizes. The discretization of bulk elements in the
finite element scheme were defined with a step size gradient where
the element size was 10 nm at x=0 and 5 μm at x=L.

4.2. Rate constants

The model includes seven rate constants as shown in Fig. 4. The
rate constant for transport, ki→ j between the surface, subsurface,
and bulk sites is described as

ki→j ¼
kBT
h

⋅
q‡

vib

qvib;i
⋅ exp

−ΔEi→j

kBT

� �
ð5Þ

where qvib, i is the vibrational partition function for D in a stable inter-
mediate state and q

vib

‡ is the vibrational partition function for D at the
saddle point between the stable states (fD is described in a similar fash-
ion). In Eq. (5) kB is Boltzmann's constant, h is Planck's constant, and T is
temperature. The vibrational partition function was implemented as

qvib ¼ ∏
N

i¼1

exp
−hvi
2kBT

� �

1− exp
−hvi
kBT

� � ð6Þ

whereN is the number of vibrationalmodes (i.e.N=2 for a saddle point
and N=3 for stable site). DFT was used to calculate the vibrational fre-
quencies for transport from surface to subsurface, subsurface to bulk,
and bulk diffusion. The transition state frequencies were calculated at
the saddle points between the surface fourfold hollow, subsurface tetra-
hedral, subsurface octahedral, bulk tetrahedral, and bulk octahedral
sites. The values of the vibrational frequencies for the surface, subsur-
face, and bulk states are fairly consistent with those of previous reports
for H in Pd (after a

ffiffiffi
2

p
correction for D) [18,19,36–40].



Fig. 5. Proposed forms for the activation barriers (ΔE) versus concentration of an arbitrary
species, C. The three forms represent various representations of concentration depen-
dence: constant (H1), linear (H2), and nonlinear (H3). All forms reach a low-concentration
limit (C=0) atΔE0act. Both linear and nonlinear models increase by an amountα at C=1.
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The rate constant for desorption, kdes, as described by the transla-
tional, vibrational, and rotational partition functions is

kdes ¼
2S0askBT

h
⋅ qrot⋅qvib

λ⋅q3ads
� �2 ⋅ exp −ΔEdes

kBT

� �
; ð7Þ

where S0 is the sticking coefficient; as is the area of surface hollow ad-
sorption site; qrot is the gas phase rotational partition function for D2;
qvib is the gas-phase vibrational partition function; q3ads is the vibra-
tional partition function for adsorbed D atoms where the subscript in-
dicates the three vibrational degrees of freedom on the surface
hollow site; and λ ¼ h=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2πmkBT

p
is the thermal wavelength with

mass, m=3.32×10−27 kg for D. The vibrational and rotational parti-
tion functions are given as

qvib Tð Þ ¼ 1

2 sinh
Tvib
2T

� � ð8Þ

qrot Tð Þ ¼ ∑
j evenð Þ

2jþ 1ð Þ exp −j jþ 1ð ÞTrot
T

� �

þ 3 ∑
j oddð Þ

2jþ 1ð Þ exp −j jþ 1ð ÞTrot
T

� �
ð9Þ

where qrot(T) is separated into para- (odd) and ortho- (even) contribu-
tions [41]. The vibrational and rotational partition functions, as functions
of temperature, are determined using their respective characteristic vi-
brational and rotational temperatures of gas-phase molecular D2:
Trot=42.9 K and Tvib=4305.9 K [41].

The rate constant for adsorption is given as

kads ¼
2S0asλ

h
ð8Þ

where kads has no exponential dependence because adsorption onto
the Pd surface is non-activated [42].

4.3. Approaches for defining activation barriers

The model includes activation barriers for each of the seven rate
constants: adsorption is non-activated, ΔEads=0; desorption, ΔEdes;
transport from surface to subsurface, ΔES→SS; subsurface to surface,
ΔESS→ S; subsurface to bulk, ΔESS→B; bulk to subsurface, ΔEB→SS; as
well as bulk diffusion, ΔEdiff. As we will demonstrate, the ability of the
model to reproducemeasured (TPD) release rates depends on the func-
tional forms of the ΔE's dependence on site occupancy. In this section
we describe the three forms given bymodel hypotheses:H1,H2 andH3.

Our first hypothesis,H1, assumes constant values of the activation
barriers (i.e. ΔE=ΔE0, the low-concentration value). This approach is
equivalent to most others described in the literature and cited above.

Several published reports indicate that the elementary steps for H
atom transport on Pd are sensitive to the concentrations of H/D in the
near surface Pd regions. Such sensitivity is attributed to H atom induced
lateral distortion (intralayer relaxation) and plane-to-plane separation
(interlayer relaxation) [19,25,27,28], as well as thermodynamic phase
transitions [23]. A transition between solid solution of H in Pd and Pd-
hydride is well-known [35,43] and a decomposing Pd-hydride phase
is often considered during H/D release from Pd at low temperatures
[12,14,16,19,21,23]. Given this potential for concentration dependent
transport coefficients, we have tested two additional hypotheses, H2

and H3, that incorporate concentration dependence into our model.
These two models extend the constant ΔE model, H1, by including sur-
face and subsurface concentration effects. The concentration-dependent
ΔE terms are applied to transport processes in both directions across the
surface to subsurface interface,ΔES→SS(θ) andΔESS→S(θ), and across the
subsurface to bulk interface, ΔESS→B(CSS) and ΔEB→SS(CSS). No
concentration dependence was assumed for ΔEdiff because of the low D
concentrations in the bulk domain.

The model hypothesis H2 incorporates a linear dependence of the
ΔE's on concentrations; for example, the surface to subsurface transition
state barrier is described as

ΔES→SS ¼ ΔE0S→SS þαS→SS⋅θ ð9Þ

where ΔES→SS
0 is the surface to subsurface barrier in the limit of low

coverage and αS→ SS defines the sensitivity to D coverage on the sur-
face. This functional form is commonly used to describe the effects of
lateral interactions of adsorbed surface species.

The model hypothesis H3 incorporates concentration dependence
in a nonlinear form

ΔES→SS ¼ ΔE0S→SS þ αS→SS⋅ 1− exp
−θ2

ωS→SS

 ! !
ð10Þ

where ωS→ SS defines the range over which the concentration effects
manifest themselves. Examples of the proposed forms for ΔE are illus-
trated in Fig. 5 as functions of concentration, C, for an arbitrary species.
All forms have ΔE(C=0)=ΔE0; ΔE for both H2 and H3 change by an
amount α as C: 0→1, provided that ωS→ SS≪1. The figure shows that
the nonlinear form, described by Eq. (10), allows ΔE to change over a
narrow range of concentration and the location of the inflection point
to be adjusted with respect to concentration. These two features share
behaviors that are characteristic of phase transitions: a phase boundary
that is a function of concentration, temperature, and volume, and exhibits
discontinuous changes in properties when moving across the boundary.

Our experimental results also suggest that we must modify the bar-
rier for desorption, ΔEdes, to describe the α TPD feature which occurs at
temperatures nearly 150 K below the β2 feature. Theα TPD feature only
occurs for the highest D uptakes and under conditions inwhich the sub-
surface contains significant concentrations of D. To account for the low
temperature α TPD feature, we include in ΔEdes a dependence on
surface D coverage (θ), and subsurface D concentration (CSS). Interlayer
relaxations and a possible Pd–D phase formation in the near surface
region could cause subsurface D to indirectly influence the desorption
barrier. Our DFT results suggest, however, that direct interactions
between D in the surface and subsurface are too small to impart a
150 K shift in the TPD spectra. In fact, the interaction energy predicted
by DFT between D in the surface hollow and subsurface octahedral
site was within the error of the DFT method. To represent the influence
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of subsurface D on the desorption activation barrier, we use the follow-
ing forms, similar to those in Eqs. (11) and (12),

ΔEdes ¼ ΔEdes
0 þαdes;S⋅θþαdes;SS⋅CSS ð11Þ

ΔEdes ¼ ΔEdes
0 þαdes;θ⋅ 1− exp

−θ2

ωdes;θ

 ! !

þαdes;CSS
⋅ 1− exp

−CSS
2

ωdes;CSS

 ! !
ð12Þ

for H2 andH3, respectively.
In the next section we compare the predictions of D release kinetics

by the three models with three experimental TPD spectra obtained fol-
lowing exposure of the Pd(100) surface to D2 at 4×10−9 and
2.8×10−6 Torr at 120 K and 1.4×10−6 Torr at 200 K. This group of
spectra spans the entire pressure range explored in the experiments, in-
cludes both exposure temperatures, and displays all four primary spec-
tral features discussed in Section 3. We perform nonlinear regression
on these three spectra in order to optimize the model parameters.
The simulations also estimate uptake of D into each of the three Pd
regions — surface, subsurface, and bulk.

5. Simulation results and discussion

5.1. Constant (H1) and linear (H2) activation barriers

Model H1 provides a description of the D–Pd(100) system that is
similar to that used by Mavrikakis et al. [8–10]. The pre-exponents for
the rate constants were estimated using statistical mechanics expres-
sions that used parameters for gas-phaseD2 and vibrational frequencies
predicted by DFT for D atoms on or in Pd; these parameters are shown
in Table 1. The tunable parameters in the model include six activation
barriers, and a sticking coefficient, S0. H2 has five more fitting parame-
ters than H1 — the αi parameters that describe the linear dependence
of the barriers on coverage (i.e. Eqs. (9) and (11)).
Table 1
Best-fit values based on minimizing the sum-squared errors of D2 TPD spectra based on
H3. S, SS, and B correspond to parameters relating to the surface, subsurface, and bulk.
ΔE0 is an activation barrier at low coverage; S0 is the sticking coefficient; α represents
the amount the barrier changeswith changes inD concentrations;ω describes the concen-
tration windowwhich the concentration effects manifest themselves; the real vibrational
frequencies, vi, for D occupying the surface hollow (S), subsurface octahedral (SS), and
bulk octahedral (B), and the saddle point transition states (TS) between the S-SS states,
SS-B states, and bulk diffusion states. The σi represent 95% confidence intervals.

Parameter φi ln(φi) ln(σi) DFT vibrational
frequency (meV)

ΔEdes0 (eV) 0.42 −0.86 −0.003 S: vi 44.3
ΔES→ SS

0 (eV) 0.40 −0.92 −0.003 44.3
ΔESS→ S

0 (eV) 0.11 −2.20 −0.08 46.5
ΔESS→B

0 (eV) 0.46 −0.77 −0.05 SS: vi 40.0
ΔEB→ SS

0 (eV) 0.24 −1.43 −0.04 40.0
ΔEDiff0 (eV) 0.28 −1.27 −0.12 63.9
S0 0.18 −1.71 −0.04 B: vi 41.4
αdes, θ (eV) 0.03 −3.67 −0.12 41.4
αdes,CSS

(eV) 0.74 −0.29 −0.23 27.5
αS→ SS (eV) 0.08 −1.84 −0.11 S-SS TS: vi 108.6
αSS→ S (eV) 0.16 −1.73 −0.12 82.1
αSS→B (eV) 0.18 −2.49 −0.09 SS-B TS: vi 89.5
αB→ SS (eV) 0.01 −5.48 −0.22 92.5
ωS→ SS 4.2×10−3 −8.50 −0.03 B TS: vi 89.5
ωSS→ S 2.0×10−4 −3.94 −0.19 92.5
ωSS→B 2.2×10−2 −6.12 −0.24
ωB→ SS 9.5×10−2 −2.75 −0.22
ωdes, θ 2.2×10−3 −4.65 −3.64
ωdes,CSS

6.4×10−2 −4.79 −1.06
The predicted D2 TPD spectra (solid lines) and the experimental TPD
spectra (dots) are shown in Fig. 6(a) and (b), for H1 and H2 respective-
ly. The three spectra in each figure correspond to exposures of D2 at
2.0×10−9 and 2.8×10−6 Torr for 100 s at 120 K, and an exposure at
1.42×10−6 Torr at 200 K for 100 s. A comparison of the total uptake
for the experiment and for the predictions of H1 and H2 is shown in
Fig. 7 for the highest exposures performed at 120 K (2.8×10−6 Torr
for 100 s) and at 200 K (1.42×10−6 Torr for 100 s). The blue, green,
and orange regions in the bars represent the predicted occupation of
the surface, subsurface, and bulk sites in concentration units given by
the amount of D that would occupy one atomic layer of octahedral Pd
sites (one monolayer). The experimental uptakes are normalized with
the area of the simulated, low-concentration TPD spectrum from the
120 K exposure (uptake not shown).

The limitations of H1 and H2 are manifested by their inability to
predict all of the desorption features in the TPD spectra (Fig. 6a and b)
and the differences between the predicted and experimental D uptakes
(Fig. 7). The TPD spectra shown in Fig. 6a illustrate that, while H1 pre-
dicts both the peak desorption temperature for the β2 feature, Tβ2,
and the presence of the γ feature, characterized by non-overlapping
high temperature tails, it does not predict the α and β1 TPD features.
The apparent presence of only two simulated spectra is a result of over-
lapping TPD spectra predicted for the high exposures at 120 and 200 K.
Overlap of the spectra means thatH1 predicts identical D uptake – one
Fig. 6. Experimental TPD (dotted line) plotted against simulated TPD (solid line) for the
three hypotheses: (a) constant activation barriers (H1), (b) linear coverage-dependent ac-
tivation barriers (H2), and (c) nonlinear coverage-dependent activation barriers (H3). The
three spectra correspond to two exposures at 120 K: 2.0×10−9 and 2.8×10−6 Torr for
100 s and one exposure at 200 K: 1.42×10−6 Torr for 100 s. The TPD were performed at
3 K/s after cooling to 100 K. The figures indicate that H1 predicts the β2 and γ features,
H2 predicts the β1, β2 and γ features, andH3 predicts α, β1, β2 and γ features.
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monolayer residing on the surface – for both the 120 K and the 200 K
exposures. The surface-only occupation is also shown by the predicted
concentration distribution in Fig. 7. The experimental data reveal, how-
ever, that the uptake of D by Pd(100) is greater than onemonolayer, in-
dicating that both adsorption and absorption must occur during these
exposures.

The predicted occupation of surface states only is a manifestation of
H1's primary limitation: with the constant activation barriers, D uptake
is controlled by either surface- or bulk-based kinetics; that is, there is ei-
ther surface-only occupation, or the surface is negligibly occupied and
bulk uptake dominates. The ‘best-fit’ spectra shown in Fig. 6a corre-
sponds to the former. The experimental behavior exhibited by the up-
take versus exposure results (c.f. Fig. 3) suggests that a transition
between the two uptake regimes takes place during exposure. Only
the surface is populated for low exposures, but is followed by uptake
into the bulk at high exposures. The uptake into the bulk increases
with increasing temperature. We found that there are no choices of op-
timized barriers which allow H1 to exhibit this behavior.

In Fig. 6b, the TPD simulations (solid line) based on the model H2

are compared to the three experimental spectra (dots) obtained fol-
lowing the same exposures as used above.H2 predicts the appearance
of the β1, β2, and γ features of the experimental TPD spectra. The
presence of the β1 feature in the TPD spectra predicted by H2 arises
from the higher subsurface and bulk uptake as illustrated in Fig. 7.
The prediction of significant subsurface and bulk uptake and the β1

desorption feature represent improvements over H1. Nevertheless,
H2 fails to accurately predict the presence of the α TPD feature and
the shapes of the β1 and β2 features, and it over-predicts uptake for
both exposures.

The inability ofH1 andH2 to accurately predict theα, β1, and γ fea-
tures implies that the interactions between the surface and subsurface
D,which influence the penetration pathways, are imperfectly described
by both H1 and H2. Given the poor prediction of uptake and release
trends, the constant activation barrier (H1) and linear concentration de-
pendent (H2) models are deemed inappropriate for describing the
D–Pd(100) system.

5.2. Nonlinear activation barriers (H3)

We improve upon H1 and H2 by introducing a nonlinear depen-
dence of the activation barriers on concentrations in H3 (c.f. Eqs. (10)
and (12)). To account for nonlinearity, six additional parameters were
Fig. 7. Bar graph showing the experimental and simulated D uptake for 2.8×10−6 and
1.42×10−6 Torr exposures at 120 and 200 K. Predicted D concentration in surface (θ),
subsurface (SS), and bulk (B) domains are shown for the simulated bars. Only the total
concentration for experimental results is shown. Each bar in the plot reflects the total
uptake at the given temperature with sections corresponding to the distribution in the
specific domains for surface (lowest region — blue), subsurface (middle region —

green), and bulk (highest region — orange).
required: ωS→SS, ωSS→S, ωB→ SS, and ωSS→B for the transport steps,
andωdes,θ andωdes,CSS

for desorption. The impact of introducing the non-
linear concentration dependence is illustrated by the predicted TPD
spectra in Fig. 6c and the uptake in Fig. 7.

The quality of the TPD predictions made using H3 is demonstrated
by Fig. 6c, in which the simulation (solid line) is plotted with the exper-
imental spectra (dots). The simulated spectra exhibit theα,β1,β2, andγ
features, correct values of Tp, and peakwidths that are similar to those of
the experiments.H3 is the onlymodel to predict theα TPD feature with
the 120 K exposure and to display the correct shape of the β1 feature for
the 200 K exposure. Fig. 7 provides a comparison of the D uptake pre-
dicted by H3 with the experimental results, and the predictions of H1

andH2. UsingH3 the total uptake predictions closely match the exper-
imental results and are improved over those of H2. Note that the sub-
surface concentrations predicted by H3 are significantly lower than
those predicted byH2.

Our results illustrate that among the models tested, H3 predicts the
TPD spectramost accurately, yet the price of a better fit is increased com-
plexity (i.e. additional fitting parameters). An important question is
whether the additional complexity results in a statistically significant im-
provement in the model's predictive capability. Using Bayesian model
selection techniques [44,45] we determined that the weight of evidence
for the more complex H3, and againstH2 andH1, is very strong.

Bayesian hypothesis selection methods were used to evaluate the
evidence in favor of model H3. We use the Bayes factor, Sij, which is a
measure of the evidence provided by a data set in favor of one scientific
hypothesis, i, over another, j. The Schwartz criterion provides an ap-
proximation to the log10 of the Bayes factor as

Sij≈
1
2

Cj;0−Ci;0

� �
þ 1
2

Nj−Ni

� �
log10M ð13Þ

where Ci,0 is the ground state cost (minimum sum of squared errors) of
a model i, Ni is the number of parameters in model i, andM is the num-
ber of measurements that were used in calculating the cost function
[44]. Conclusions are drawn based on the magnitude of Sij: 0–0.5 (in-
conclusive), 0.5–1 (positive), 1–2 (strong), and N2 (decisive) [45].

In our selection tests, a total of 1475measurements from twelve TPD
spectra chosen from the 120 K and 200 K exposure experiments were
used to calculate the lowest cost. Each measurement corresponds to a
single data point. The number of parameters for H1, H2, and H3 were
7, 13, and 19, respectively. S21 and S32 were determined to be 6.8 and
7.6, respectively. This analysis shows that the weight of evidence for
the more complex H3 is decisive. Furthermore, it suggests that non-
linear concentration dependent activation barriers are warranted for
an accurate description of D2 release from Pd(100).

5.3. D distribution in Pd(100)

Concentration profiles versus temperature, which were generated
from the model H3 provide insight into the initial distribution of D
atoms in the Pd(100) system after exposure and the redistribution
within the system that takes place as the TPD experiment proceeds.
Fig. 8 displays the experimental and simulated TPD spectra and the
simulated concentration profiles versus temperature for the total D
concentration, θ, CSS, and C′B. Fig. 8a represents the TPD following
the 2.8×10−6 Torr exposure of D2 to Pd(100) at 120 K; Fig. 8b repre-
sents the TPD following the 1.4×10−6 Torr exposure of D2 to Pd(100)
at 200 K. The concentrations profiles for the 120 K and 200 K simula-
tions are shown in Fig. 8(c) and (d), respectively. The initial concen-
tration values in each figure match those shown in Fig. 7. The
surface is almost saturated at both exposure temperatures and the
subsurface has 0.21 and 0.12 ML for the 120 K and 200 K exposures,
respectively. The primary difference between the distributions of D
in Pd(100) following adsorption and absorption at 120 K and 200 K
is the concentration in the bulk, C′B. There is a significant population



Fig. 8. Experimental and simulated TPD spectra (top panel) and simulated concentration profiles (bottom panel) for the total D concentration, surface concentration (θ(t)), subsur-
face concentration (CS(t)), and bulk concentration (C′B(t)) where CB′(t)=NB=NS∫L

0CB t; xð Þdx. TPD corresponds to (a) 2.8×10−6 Torr exposure of D2 at 120 K and (b) 1.4×10−6 Torr
exposure of D2 at 200 K to Pd(100) with a 3 K/s heating rate.
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of D in the bulk following exposure at 200 K, but almost no D in the
bulk following exposure at 120 K.

D2 desorption exhibits a low temperature α TPD feature only after
the 120 K exposure; the model TPD spectrum shows the increase in
the desorption rate paralleled by a decrease in the total amount of
D, that is, both θ and CSS. This behavior is not observed with the
200 K exposure — the total D concentration remains constant until
T=~240 K. While the two systems have different amounts of C′B
after exposure, as the temperature increases, C′B increases in both
Fig. 8(a) and (b). Comparison of C′B and the α TPD feature in Fig. 8a
shows that C′B increases just as the α TPD feature begins to decrease.
The inverse changes observed for C′B and the α TPD feature suggest
that the propensity to move into the bulk becomes greater than the
propensity to desorb. This also implies that the interactions included
in our effective desorption barrier are only operative at low tempera-
tures when mobility in the bulk is low and D concentrations in the
subsurface region reach sufficiently high levels.

As the temperature increases, C′B continues to increase for both sys-
tems and reaches a maximum near 240 K of ~0.4 and ~2.25 equivalent
MLs, for the 120 and 200 K experiments, respectively. Fig. 8(a) and
(b) shows that the desorption rate – after both 120 and 200 K expo-
sures – rapidly increaseswhen C′B reaches thismaximumconcentration.
The increase in the desorption rate with a decrease in C′B suggests that
the remaining desorption features – β1, β2, and γ – are influenced by a
sequence of diffusive transport from the bulk states, passage through
the subsurface, and desorption from the surface. Both the 120 K and
the 200 K concentration profiles also show an overlap of C′B with the
total D concentration at temperatures above ~350 K — an indication
that the γ feature is directly related to D release from the bulk. We can
infer, therefore, that multiple steps influence the desorption kinetics of
the β1, β2, and γ features. Of course, a complete analytical methodology
such as the degree of rate control described by Campbell et al. [46]
should be used to determine which steps are rate-limiting or inhibiting
in the evolution of gas-phase D2.
5.4. Best-fit parameter values and sensitivity

The best-fit parameters for the low-concentration limit activation
barriers, the sticking coefficient, and parameters (α and ω) describing
the concentration dependence of the transport and desorption bar-
riers, are shown in Table 1. The table also lists the real vibrational fre-
quencies, vi, determined from DFT: three for each normal mode in the
stable intermediate states (S, SS, and B), and two normal modes for
each transition state (S-SS, SS-B, and bulk diffusion).

Values for activation barriers on the various Pd faces have been
reported in the literature: ΔEdes ranges from 0.80 to 1.10 eV [3–5,11,
15,39,47–50]; ΔES→SS ranges from 0.05 to 0.57 eV [4,5,10,11,14,23,
25,39,51–56]; ΔESS→ S ranges from 0.04 to 0.33 eV [10,14,16,23,
50,54,55,57]; ΔESS→B ranges from 0.09 to 0.52 eV [10,14,23,54];
ΔEB→SS ranges from 0.22 to 0.44 eV [4,5,10,54]; and ΔEdiff0 ranges from
0.20 to 0.23 [35,58,59]. Only ΔEdiff0 has been determined using a variety
of both theoretical and experimental methods. The remaining barriers
have been inferred using either basic analyses of TPD spectra or from
theoretical modeling. The large spread in the reported values for the
surface-subsurface-bulk barriers reflects the reality that multiple theo-
retical approaches were used. Even state of the art DFT methods have
delivered a wide range of predictions for the H–Pd system, many of
which have been inconsistent with experimental results [34]. The vari-
ation in the parameters results from various lattice constants of Pd,
which come from alternative descriptions of the electron–electron in-
teractions in DFT. Furthermore, differences also arise from different H
concentrations used in these calculations [37,40,60]. Regardless, our ac-
tivation barriers for the low concentration limit – shown in Table 1 – all
lie within the cited ranges.

Very few studies have reported concentration-dependent barriers
for H transport between the surface, subsurface, and bulk. Two differ-
ent reports suggest that ΔES→ SS changes by−0.17 [37] and−0.19 eV
[55] as H concentrations change. The authors of those studies have
suggested that H-induced intralayer relaxations of the Pd lattice are
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responsible for these changes in ΔES→ SS. They also suggest that this
relaxation changes the surface hollow binding energy by 0.10 eV
with concentrations of 0.25 to 1 ML in the Pd subsurface. Further-
more, the authors argue that the H binding energy in the octahedral
subsurface sites changes by−0.20 eV following interlayer relaxations
of the Pd lattice [28,37]. The concentration dependence of these inter-
mediate and transition state energies will have an effect onΔESS→ S and
ΔESS→B, and ΔEdes. The magnitude and direction of change (increase or
decrease in energy) predicted by our model is consistent with these
reports.

The sensitivity of a model defines the uncertainty of parameters
estimated using that model; a small uncertainty for a given parameter
indicates that the predictions of the model are sensitive to its value.
On the other hand, if the uncertainty in the parameter is large, the
predictions of the model are not sensitive to its value. The 95% confi-
dence limit for each parameter, σi, was calculated from the Hessian
about the best-fit values of the parameters asσi ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Hij

−1
� �

i¼j

q
. This re-

lationship holds because the inverse of the Hessian is equal to the co-
variance matrix [61]. Each optimized parameter and its natural
logarithm, ln(φi) and the natural log of the confidence limits, ln(σi), de-
termined from H3 are shown in Table 1.

Finally, we must make clear that one of our principle assumptions
was that the concentration changes affected only the enthalpy part of
the free energy barriers; we did not consider entropic dependence
on concentration even though many physical effects, such as lattice
relaxations, could affect H vibrations and the curvature of the energy
hypersurface.

6. Concluding remarks

The uptake and release of hydrogen by Pd was modeled for the
first time using concentration-dependent activation barriers and a
description of the systems that included adsorption, absorption and
release of hydrogen during isothermal exposure to D2 followed by
subsequent heating. We have shown that nonlinear concentration de-
pendent activation barriers are consistent with previous understand-
ing of the complex Pd–H system and that they accurately predict –
over a wide temperature and pressure space – multiple desorption
features observed in TPD experiments. The model will be useful in
further studies which are directed toward understanding the degree
to which each of the various rate elementary processes control the
evolution of hydrogen in the four features observed in the TPD spec-
tra of D2 from a Pd(100) surface exposed to D2 at elevated tempera-
tures and pressures.
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